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Abstract
This thesis describes the use of proton beam writing (PBW) for the fabrica-
tion for microfluidic and microelectromechanical system (MEMS) devices.
In particular, the fabrication of three-dimensional (3D) micro or nanostruc-
tures with high aspect ratios is of growing interest in these fields. PBW
is the only technique that has the capability to satisfy these requirements
while providing full control of the geometrical parameters, such as the sur-
face roughness and side wall angle. This technique is a direct microfabri-
cation method that employs a focused, energetic (MeV) proton beam to
structure the input pattern in resist materials.
In the present work, a network of buried channels is fabricated as part of
a project to develop a functional microfluidic device for neuronal studies
and self-powered microfluidics (capillary micropump). Proton beam with
energies of 0.75 to 2.5 MeV is used to fabricate the channels in 3D with a
minimum feature size of approximately 1 µm and depths of 40 to 60 µm.
The roughness of the sidewalls of the written channels is approximately
3 nm root mean square roughness (Rrms).
Radio frequency (RF) MEMS switches, which consist of an overhanging
structure, are also written using PBW, and new MEMS switch designs are
proposed. These designs are constructed so as to provide full control of the
main cantilever beam parameters, such as the thickness, spring constant,
and actuation.
The three main stages of the lithography process, i.e., pre-exposure, expo-
sure, and post-exposure, are investigated and optimised for application to
poly(methyl methacrylate)(PMMA), pure SU-8 polymer, and SU-8/silver-
nanoparticle nanocomposites (SU-8/AgNp). During the exposure process,
the proton beam energies, doses, and scanning method are also optimised,
in order to attain a good-quality structure (i.e., a robust structure with
smooth and straight walls). The mechanical and electrical properties of the
nanocomposites, which are irradiated with a range of proton beam doses,
are measured.
Note that the structures written in this work are numerically validated prior
to the writing process using COMSOL Multiphysics R  software. The fluid
flow in the written buried channels is investigated using numerical methods.
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Chapter 1
Introduction
The miniaturisation of devices and structures has received considerable attention in
recent years. In fact, this is a key topic in modern fabrication technology research, with
a number of current scientific advances being ascribed to miniaturisation. Miniaturised
systems can exhibit significant performance improvements and also provide economic
benefits by allowing tasks to be completed more quickly and precisely. In addition, large
numbers of microsystems can be built and combined within a small area. Consequently,
these miniaturised systems have the ability to perform multiple functions in parallel
[1, 2].
Microfluidic systems are the result of the miniaturisation of classical labs for various ap-
plications and for particular biological analyses. Microfluidics is based on miniaturised
structures (e.g, microchannels or microvalves) integrated in certain arrangements so as
to manipulate fluid or biological samples on the micro/nanoscale. Microfluidics sys-
tems can perform, for example, biological-analysis-related tasks in a quick and precise
manner using minute samples. Thus, less waste is produced [3–5].
Performing biological analysis at a single-cell level has become a topic of interest in
recent years, because of the improved analytical precision exhibited by such techniques
compared with their counterparts, which utilise a quantity of cells [6, 7]. In addition,
the use of self-powered microfluidics to perform immediate and in situ analysis (e.g.,
a biological test at a patient’s location, without the need for a clinic or lab), so-called
’point-of-care’ (POC) diagnostics, is also a topic of interest. Therefore, microfluidic
systems have been subjected to further miniaturisation to a single-cell level so as to
meet the increased demands for such applications (e.g., microfluidic-based single-cell
analysis). Miniaturisation has also been conducted to resize essential components, such
as valves, pumps, and sensors, in order to realise POC analysis [8].
Microelectromechanical systems (MEMS) have been miniaturised to enhance their per-
formance. MEMS consist of mechanical structures and electronic devices at the mi-
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cro/nanoscale that are integrated within a system to achieve a certain function, such
as switching or sensing, and further reduction of existing MEMS sizes would improve
their performance. For example, MEMS actuators function e ciently when reduced
in size. Also, a MEMS switch has a function that is primarily based on the actuation
of mechanical parts (e.g., a cantilever). If the space between the actuating electrode
and the cantilever is reduced, the switching process can be performed more rapidly.
Moreover, a low-voltage (electrostatically actuated) switch is required in order to op-
erate such a device. These are considered to be enhancements in terms of economic
and operating e ciency [1].
In addition to miniaturisation, the fabrication of three-dimensional (3D) structures or
systems with high aspect ratios (HAR) for various applications is of growing interest [9].
Examples include buried channels in microfluidic systems and cantilevers for use in
MEMS switches.
Another major factor that a↵ects enhancement of the fabrication process is the struc-
ture or device material. The principal materials used to fabricate microfluidics or
MEMS are glass and silicon. However, these materials present some di culties as
regards fabrication, as several preparation steps are necessitated (e.g., resist coating
followed by lithography, etching, and stripping) and the fabrication procedure some-
times involves harsh chemicals [10]. Further, from an economic perspective, these
materials are comparatively expensive. Inexpensive polymers constitute excellent al-
ternative candidates. In addition, they are suitable for microfluidic-based biological
applications as they exhibit biocompatibility. They are disposable, which facilitates a
safe environment and also eliminates the need for hygiene processes for devices that
are frequently used in biological applications. From a fabrication perspective, polymers
are easy to fabricate and their production involves relatively few steps when compared
with glass and silicon processing. Finally, polymers have attractive physical and chem-
ical properties. For example, SU-8 is a polymer that possesses high chemical resistance
and strong mechanical properties. However, it is still su ciently flexible to be used
in devices such as MEMS actuators. It is also optically transparent, which renders it
suitable for application in fields such as biological analysis monitoring [11, 12].
The fabrication of miniaturised device structures using a wide range of materials, with
HAR, and in 3D, requires a microfabrication technology with distinct specifications.
Various microfabrication techniques can be adopted for the miniaturisation of microflu-
idic and MEMS systems, namely, photolithography (UV and X-ray), electron beam
lithography (EBL), and focused ion beam (FIB) lithography. However, these methods
are either unable to satisfy all of the fabrication requirements (e.g., EBL produces a
shallow pattern) or they are expensive and time consuming (e.g., X-ray lithographie
galvanoformung abformung (LIGA) requires access to a synchrotron radiation facility).
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Of the candidate methods, a new lithography technique known as proton beam writing
(PBW) is the only method that has ability to pattern a structure in 3D, with HAR,
and over a wide range of materials that include polymers. Furthermore, fabrication of
the 3D structure can be accomplished in a single step using this technique. PBW is a
new and direct (maskless) method that employs energetic protons ( MeV) to pattern
structures comprised of a wide range of materials.
In this thesis, we use PBW as a 3D single-step writing technique to directly fabricate
microfluidic and MEMS devices. The microfluidic devices are dedicated to single-cell
analysis applications, specific neural network investigations (neuron cell arrays; NCA),
and POC, and are known as capillary micropumps (CMP). For the MEMS device, a
switch is chosen for fabrication using PBW, as this device comprises a 3D mechanical
structure with HAR. The microfluidic and MEMS devices are fabricated from polymer.
1.1 Objectives of this work
The objectives of the present work can be summarised as follows:
• Application of PBW to the fabrication of a 3D microfluidic device
for single-cell analysis. The current conventional microfluidic device manu-
facturing method utilises PBW to fabricate a stamp, which is followed by PDMS
casting and attachment to a glass slip. However, for some applications involving
complex structures, PDMS lithography is much too di cult to perform. The 3D
microfluidic device fabricated in this project is considered complex, as it contains
open microcompartments (for cell feeding) linked by buried channels. There-
fore, this pattern must be written directly in polymer applied on a set of printed
electrodes. This is considered to be a novel fabrication procedure using PBW.
• Design and fabrication of a self-microfluidic device for POC application
using PBW. The designed and fabricated self-microfluidic structure is a CMP
that operates based on capillary force. The design is first optimised numerically
and PBW is then used to fabricate the optimised design; this is followed by an
experimental demonstration.
• Characterisation of fluid flow in a microfluidic-device buried channel.
The potential enhancements to the geometrical parameters (e.g., the surface
roughness and wall straightness) of written structures provided by PBW require
examination. In this study, this investigation is performed numerically using the
COMSOL Multiphysics R  simulation software.
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• Use of a conductive polymer composite. This includes preparation of a poly-
meric nanocomposite with a certain filler (silver nanoparticles (AgNPs)) content,
following with irradiation of the composite using PBW at di↵erent doses. Char-
acterisation of the composite, both electrical and mechanical is then conducted.
• Design, optimisation, and fabrication of a polymeric cantilever (over-
hanging structure) for MEMS switch applications using PBW. The
MEMS switch is deigned and fabricated so as to perform switching of a ra-
dio frequency (RF) signal. This involves the design and printing of a coplanar
waveguide (CPW), which is a transmission line that consists of metallic strips
printed on the same level of a dielectric substrate [13]. This task also involves
optimisation of di↵erent MEMS switch designs to function on the CPW, which
is accomplished utilising COMSOL Multiphysics R  and the application of data
on measured electrical mechanical properties. Finally, an optimal MEMS switch
that can be operated at low voltage and with fast switching is fabricated.
1.2 Thesis outline
Chapter Two
An overview of selected popular microfabrication techniques is presented. This includes
a comparison between PBW and current alternative techniques to demonstrate the
superiority of PBW for micro/nanofabrication.
Chapter Three
Chapter Three contains a review of selected literature related to the application of PBW
in micro/nanofabrication. This includes a general discussion of the current development
status of PBW techniques, such as new structuring strategies and hardware/software
that are currently under development. This is followed by a discussion of the application
of PBW for the fabrication of a 3D microchannel and an overhanging structure for
microfluidic and MEMS applications, respectively.
Chapter Four
This chapter is dedicated to an explanation of the materials and methodology utilised
in this project. It discusses the polymer (SU-8) used to fabricate the microfluidic device
and the conductive polymer nanocomposite utilised to structure the MEMS application
(the MEMS switch). The equipment, such as the accelerator and hardware/software
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used in the PBW process, are also discussed. This chapter includes sections discussing
the buried-channel and overhanging-structure fabrication strategies. The methods used
to measure the mechanical and electrical properties of the nanocomposite are also
explained.
Chapter Five
This chapter is the beginning of the results section, with the optimisation process as
a focus. The three stages of the fabrication process, i.e., pre-exposure, exposure (the
PBW process), and post-exposure are discussed. The pre-exposure stage corresponds
to the sample preparation, and includes the printing of the electrodes on the glass
substrates. In the exposure section of this chapter, the optimal dose and other exposure
parameters, such as the scanning method, are discussed. The optimal development
procedures of the written structure are examined to facilitate the realisation of good-
quality microstructures.
Chapter Six
Chapter Six discusses the fabrication of an NCA microfluidic device, which is designed
and fabricated using PBW as a means of examining the electrical behaviour of a neural
network. This chapter begins with a short literature review discussing the development
of neural network techniques up to the introduction of the microfluidic-based single
cell. It then continues with a discussion of the written structure and the correspond-
ing enhancement of the geometrical parameters, such as the surface roughness and
wall straightness. Finally, the fluid flow in the buried channel written using PBW is
characterised.
Chapter Seven
In this chapter, the second microfluidic device fabricated using PBW, the CMP, is
discussed; this device can be used in POC applications. The chapter begins with a
short literature review of CMP research, followed by a discussion of the theory behind
the application of the capillary force for the actuation of fluids on the microscale. An
essential analysis of di↵erent CMP designs is conducted before the writing procedure,
as the CMP functionality is primarily determined by its design. For example, the
pressure through the CMP must be tuned precisely, so as to guide the fluid in a safe
and e cient manner. Various designs are examined using numerical modelling. The
simulation results are discussed and the optimal CMP structure, as determined by the
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numerical optimisation, is written using PBW. The written structure is demonstrated
experimentally.
Chapter Eight
This chapter is devoted to a discussion of the fabrication of a MEMS switch using
PBW. The chapter begins with a review of the literature on the MEMS switch and
then focuses on the application of the switch to RF MEMS. As the MEMS switches are
fabricated from conductive polymer, some important topics related to nanocomposites
are discussed, such as their mechanical and electrical properties, the distribution of
the filler through the film, and the percolation threshold. Various switch designs and
the parameters that primarily a↵ect the switch functionality, such as the cantilever
length, thickness, and sti↵ness (i.e., the Youngs modulus), are discussed. The MEMS
switch designs are examined numerically using COMSOL Multiphysics R . The opti-
mal designs, as determined from the results of the numerical study, are fabricated in
conductive polymer using PBW.
Chapter Nine
The overall conclusions of the current project are given in this chapter. The main
results achieved and the challenges faced in applying the PBW are discussed, along
with the future work that is required in order to improve the quality of structures
written using this technique.
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Chapter 2
Overview of Microfabrication
Techniques
2.1 Introduction
Lithography is a process that uses radiation to transfer a specific pattern onto a mask
(a digital pattern is used in maskless techniques) into particular types of materials. The
lithographic process can be classified based on the radiation source. Photolithography
utilises photons as a radiation source, using ultraviolet (UV) or X-ray beams, for
example. In contrast, particle lithography makes use of charged particles, such as
electrons and ions, rather than light. The material used in a lithography process is
called the photoresist or, more accurately, the resist, because it can also be used with
charged particles. A short explanation of each of the abovementioned techniques is
given in the following sections.
2.2 Photolithography
2.2.1 UV lithography (UVL)
Ultraviolet lithography (UVL) is an optical lithography technique that uses a mask to
transfer a fine structure onto a photoresist material. The UV beam passes through the
photomask containing the desired pattern, is focused by a group of lenses, and reaches
the photoresist. After exposure, the irradiated photoresist is developed in order to
reveal the latent image patterned on the substrate. Di↵erent regimes are used to print
structures via UVL, as can be seen in Fig. 2.1. Projection lithography is used for the
structuring of high-resolution features on resists. The contact and proximity regimes
are additional simple and cheap methods that can be used to imprint a desired pattern.
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(a)
(b) (c)
Figure 2.1: UVL systems. (a) Projection lithography setup and (b) proximity
regime, where the mask and the resist are separated by a small gap and (c)
contact regime, where the mask is physically in contact with the resist surface.
To improve the patterned structure quality, some improvements have been made to the
UVL technique. For example, deep UV lithography (DUVL), which utilises wavelengths
( ) ranging from 150 to 365 nm, has been developed. DUVL has the capability to
fabricate a pattern with a high aspect ratio (HAR) of 15 and produces features on the
sub-micrometre scale [14]. Further developments have been made using extreme UV
lithography (EUV), which utilises   values of 13.5 nm [15]; hence, the microstructures
can be printed on resists with higher resolution.
The photomask quality is vital. Any defect in the photomask, however minute, has
an extreme impact on the image transferred onto the resist. An example of this type
of fault is where damage to the surface flatness can change the projection of the light
beam, thus producing poor image quality [10]. Other limitations are discussed in detail
in [16]. The limitations of conventional optical lithography processes have stimulated
increased interest in other techniques such as X-ray (XRL), electron beam (EBL),
and ion beam lithography [17]. The following sections will explore these techniques in
greater depth.
2.2.2 X-ray Lithography (XRL)
The history of XRL begins in the early 1970’s [18]. X-ray has the shortest   of the
electromagnetic spectrum components and, therefore, XRL is one of the micro / nano-
lithography tools most capable of achieving high-resolution output ( < 130 nm). More-
over, X-rays have high energy that can deeply penetrate resists; therefore, XRL is
capable of producing structures with HARs of approximately 50 [19, 20]. The X-ray
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LIGA technique was developed at the Karlsruhe Nuclear Research Institute in Germany
in the early 1980’s. This technique is characterised by a strongly penetrating X-ray
produced by a synchrotron [21]. LIGA is a German acronym representing Lithographie
galvanoformung abformung, which means lithography, electroforming, and moulding
in English, and this process is summarised in Fig. 2.2. The significant feature of the
LIGA technology is the realisation of a HAR as a result of its deep penetration and high
resolution. Moreover, the X-ray photon produced by the synchrotron has a   of less
than 3 A˚. Consequently, the problematic di↵raction that occurs in conventional optical
lithography (e.g., UVL) is insignificant. This renders LIGA a promising technique for
use in high-resolution pattern imprinting [22].
(a) (b)
Figure 2.2: LIGA process, which is composed of two main steps: (a) Pho-
tolithography using X-ray radiation and (b) electroplating [23].
Although the attractive feature of XRL is the realisation of a high aspect ratio (HAR)
with fine detail, some problems exist that may limit the wider application of this
technique. XRL utilises a mask that should be su ciently thin to prevent X-ray
radiation attenuation; however, this thin mask is generally fragile. Moreover, the use of
synchrotron radiation increases the mask temperature, which can change its dimensions
and may lead to deterioration of the printed image quality [24]. The manufacturing of
a thermally stable and mechanically strong mask with superior specifications can be a
costly and complex process. Another significant issue that limits the broad use of XRL
is that synchrotron radiation sources are both scarce and costly [25]. Moreover, in high-
atomic-number materials, emerging photoelectrons can cause poor pattern resolution
as a result of photoelectron interaction [26,27].
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2.3 Electron Beam Lithography (EBL)
EBL is a popular microfabrication technique that has the capacity to write high-
resolution structures on the nanometre scale. EBL uses an accelerated electron beam
(e-beam) to write patterns in resists. These patterns can be written directly, based on
the same working principle as the scanning electron microscope (SEM). Direct writing
is a flexible process that enables rapid prototype patterning. In terms of volume pro-
duction, however, direct structuring is considered to be very slow. Masks can be used
in EBL in a similar manner to photolithography, through a method known as electron
projection lithography (EPL), which has been developed to facilitate mass production.
The EBL system consists of magnetic and electrostatic elements (i.e., the optical ele-
ments of EBL), as shown in Fig. 2.3; these elements are used to accelerate, focus, and
sweep the e-beam.
Figure 2.3: EBL system [28].
EBL is characterised by both its high resolution and its flexibility as regards the cre-
ation of structures in a variety of resist materials [17]. This technique has been used
successfully to write nanofeatures (sub-100 nm), because the accelerated electron has
a wavelength ( e) on the nanoscale, in accordance with the relation
 e =
1.22p
V
(nm) (2.1)
where V is the accelerating voltage in volts. EBL works at a higher V (up to 100 kV)
than SEM (up to 30 kV). By increasing V , a significantly smaller  e can be obtained
[28].
10
EBL is not capable of fabricating deep structures while also maintaining good reso-
lution, because the e-beam su↵ers from a large scattering angle in the resists. The
scattered electrons exhibit a combination of forward-scattering results from electron-
electron collisions and backscattering from the substrate. As electrons enter a resist
they disperse with a high scattering angle, forming a pear-shaped distribution that
surrounds the primary e-beam, similar to that illustrated in Fig. 2.6a. For instance,
scattered electrons can disperse to approximately 1 µm around a 10 kV primary e-
beam [10]. This large scattering leads to additional and unnecessary exposure in the
resist and causes the so-called proximity e↵ect between adjacent features. This, in
turn, leads to the production of a latent image wider than the scanned structure (that
is, a poor-resolution image similar to that shown in Fig. 2.6b) [17,19]. Therefore, it is
far too di cult to write a structure with high-density micro/nanofeatures using EBL,
and EBL is limited in that it can pattern a good-resolution structure only within a
thin resist layer.
(a) (b)
Figure 2.4: (a) Scattering e-beam interaction with material and (b) proximity
e↵ect in resultant structure [29].
Some e↵orts to reduce the proximity e↵ect in EBL have been made, details of which
can be found elsewhere [30–32].
2.4 Ion Beam Lithography (IBL)
Ion beam lithography (IBL) is a microfabrication technique very similar to EBL, di↵er-
ing in that it uses an ion beam instead of an e-beam. Ions have a heavy mass compared
with electrons, and this physical property provides IBL with advantages over EBL. In
particular, the ion beam can deeply penetrate resists with less scatter and, thus, the
proximity e↵ect is minimal. Focused ion beam (FIB) lithography and proton beam
writing (PBW) are the main types of direct-writing lithography in IBL. IBL is also
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used as a type of masked lithography in a specific arrangement known as ion projec-
tion lithography (IPL). As in the case of EPL, IPL has been developed to overcome
problems related to low-volume production and slow fabrication in the case of direct
writing [33].
Ion-solid interaction
Note that an energetic ion loses its kinetic energy during interaction with a solid. This
occurs through a series of collisions with the electrons and nuclei of the target atoms;
these interactions can be classified as electronic or nuclear collisions.
Electronic collision
An ion beam entering a solid primarily interacts with atomic electrons. In this process,
the ions energy is transferred to the atomic electrons, resulting in an excitation and
ionisation process [34]. The energy loss results from the electromagnetic interaction
between the positive ion and the target electrons. The ion is massive compared with the
electron target and, consequently, a large number of individual collisions with atomic
electrons occur along the ion trajectory [35]. The ion beam is straight for the majority
of its path and the ion loses energy at a rate of tens of keV per nanometre. The damage
that occurs as a result of the ion’s passage though the material is almost linear along
the ion beam track, especially in the case of an energetic ion. Individual electrons
gain very low energy and, thus, traverse short distances. Ion-electron interaction is
characterised as an inelastic process and the energy loss in this interaction is described
by the electronic stopping power (S(E)e) [36].
Nuclear collision
Nuclear collision is a possible ion-solid interaction between the ion and the target
nuclei. The probability of this interaction increases with decreased ion energy (i.e., as
the ion velocity grows close to the orbital electron, or Bohr, velocity). In this collision,
the ion loses the majority of its energy in a single event, with noticeable changes
in its trajectory. This aspect of the ion beam trajectory is not desirable in IBL as it
compromises the resolution of the written structure. In this collision, defect production,
decomposition (the formation of new molecules), atomic mixing, and displacement are
possible events. Ion-nuclei interaction are considered to be elastic interactions and the
energy loss is characterised by the nuclear stopping power (S(E)n) in this case.
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The energy loss along the ion trajectory caused by electronic and nuclear loss can be
expressed mathematically as
dE
dx
=
⇣dE
dx
⌘
n
+
⇣dE
dx
⌘
e
(2.2)
where dEdx is the total energy loss rate as the ion traverses the target and n and e
represent the losses during the nuclear and electronic processes, respectively. Both
processes occur for all ion energies. However, nuclear loss is dominant for low-energy
projectile ions, while electronic loss is dominant for higher-energy ions. In the interests
of clarification, an example of the stopping powers of both processes is presented in
Fig. 2.5.
Figure 2.5: Graphical presentations of stopping power (electronic and nuclear)
of ion beam traverses in a matter (aluminium) materials [37].
It has been found that irradiated materials interact with energetic ions very di↵erently
to their interactions with e-beams or photons (e.g., X-ray,  , and UV radiation). This
has been attributed to the amount of energy deposited along the beam track, i.e., the
linear energy transfer (LET). This quantity is dependent on the ion beam velocity and
species [38], with the LET being higher for energetic ion beams than for e-beams.
In an ion-polymer interaction, the main chemical changes are cross-linking (negative
resist) or scission (in the case of a positive resist). For swift ions, such as MeV protons,
the electronic LET is dominant along the majority of its track. Therefore, chemical
modifications, whether cross-linking or scission, are primarily ascribed to this interac-
tion. It has been claimed that the contribution of S(E)e to cross-linking is higher than
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that to scission. Electronic LET becomes dominant as the ion energy increases (see
Fig. 2.5). The extent of the cross-linking or scission induced by the ion beam irradi-
ation determines the mechanical, electrical, and chemical properties of the irradiated
polymer. For example, the hardness, chemical resistance, and electrical conductivity
are improved by increasing the degree of cross-linking, with the opposite occurring in
the case of scission interactions. It is worth mentioning that these changes are also
dependent on the structure of the polymer [38,39].
Ion beam range (R)
Determination of the penetration depth of the ion beam (or range (R)) in a resist is a
crucial. In IBL, the ion beam range is usually calculated prior to the fabrication process.
This step is necessary in order to determine the appropriate resist film thickness or to
tune the ion beam energy in accordance with the resist thickness. Note that the film
thickness is chosen to fit within the straight track of the ion beam only and to avoid the
more widely dispersed region at the end of its range. The ion beam range is calculated
depending on the energy loss rate and can be expressed as
R =
Z 0
E0
dx
dE
dE (2.3)
where E0 represents the initial energy of the ion as it penetrates the target. The
ion energy, its atomic number, and the atomic number of the target are the main
parameters that determine R. The ion beam range (R) and stopping powers in di↵erent
targets, including polymer, can be easily calculated using the widely used simulation
program Stopping and Range of Ions in Matter (SRIM) [40].
2.4.1 Focused ion beam (FIB) lithography
FIB lithography was developed in the late 1970s and is considered the most established
fabrication method in IBL. FIB utilises a focused heavy ion beam (e.g., gallium ions
(Ga+), which typically have energies between 10 and 50 keV. The fabrication mecha-
nism using FIB removes atoms from the surface (i.e., through sputtering) or deposits
atoms on the surface (deposition), and these processes are illustrated in Fig. 2.6. FIB
uses a similar system to EBL. Unlike other lithography methods, FIB has the capacity
to pattern a wide range of materials, including resists, and small features of a few tens
of nanometre can be achieved using this technique [41,42].
14
substrate 
Ion beam scanned 
over substrate   
Sputtered atoms 
(a)
substrate 
Deposited film  
Ion beam scanned 
over substrate   
(b)
Figure 2.6: FIB patterning processes: (a) Sputtering and (b) deposition via
chemical vapour deposition (CVD).
FIB is a slow lithography method compared to other current fabrication techniques.
Consequently, the structures that can be fabricated using FIB and within a reasonable
period of time are limited in size. Slow fabrication is one of the primary drawbacks of
FIB and results from the direct writing and the low target-atom sputtering rate of this
technique. The sputtering of atoms from a target surface is slow; for example, when
a material surface is bombarded with 30 keV Ga+ ions, 1-10 atoms are potentially
removed per incident ion. However, the FIB fabrication process can be accelerated
via a process known as gas-assisted etching (GAE). In this method, a certain gas (i.e.,
the etching gas) is introduced to the fabrication chamber during sputtering in order to
increase the sputtered atom rate.
As FIB uses heavy ion beams with low energy, shallow layers of the target materials are
penetrated. For example, the penetration depth of a 30 keV Ga+ ion into poly(methyl
methacrylate) (PMMA) is approximately 100 nm [41,43]. Finally, the implantation of
ions into the target materials is inevitable and can be a disadvantage of FIB techniques.
This is because these implanted ions may trigger chemical changes (i.e., the ions may
break existing chemical bonds) and cause contamination [44].
2.4.2 Proton beam writing (PBW)
Proton beam writing (PBW) is a new direct lithographic technique that utilises focused,
high-energy (MeV) protons. Frank Watt and his group first developed this technique at
the Centre for Ion Beam Applications (CIBA) in Singapore [45]. The proton possesses a
high mass, at approximately 1800 times the mass of the electron and, therefore, proton
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beam (p-beam) ranges within a given material are quite long compared to those of
e-beams. Further, the energy loss per proton-electron collision is very low along the
majority of the penetration path [9,46]. Therefore, energetic protons deeply penetrate
resists. For example, according to SRIM calculations, a 2.5 MeV p-beam can traverse
approximately 95 µm of SU-8, as shown in Fig. 2.7. The penetration depths of p-beams
with various energies in SU-8 and PMMA, as calculated using the SRIM software, are
summarised in Table 2.1.
Proton Beam Energy(MeV) Range in SU-8 (µm) Range in PMMA (µm)
0.5 8 10
1.0 22 28
2.0 65 83
2.5 95 117
3.0 128 160
Table 2.1: Penetration depth of p-beams with various energies in the most
commonly used resists, SU-8 and PMMA.
P-beam maintain almost the same spot sizes (i.e., it is focused) with less straggle (apart
from at the ends of its range) over long ranges within a resist. For example, the increase
in the spot size is less than 1 µm when a beam of 2.5 MeV travels up to almost half its
range in SU-8 (45 µm). Accordingly, the fabrication of micro/nanofeatures with high
special resolution and HAR is easily attainable.
Straight part of p-beam used for 
 fabrication PBW. 
Broaden part of p-beam 
in substrate  
≈ 95  µm in SU-8 
Figure 2.7: Range of 2.5 MeV p-beam in SU-8 calculated using SRIM software
[40].
Furthermore, the p-beam range in resists is well defined according to the initial en-
ergy of the incident proton. This feature enables the fabrication of multilevel (i.e.
three-dimensional (3D)) structures, such as buried channel and overhanging structures,
within a single resist layer [47,48] (see Fig. 2.8). An actual written multilevel structure
is presented in Fig. 2.9.
16
(a) (b)
Figure 2.8: Multilevel structure patterning in negative resists using PBW. (a)
Multi-exposure strategy and (b) developed written pattern [46].
Figure 2.9: SEM image of multilevel structure patterned using PBW with two
energies [48].
The secondary electrons produced along the p-beam path (proton-electron interaction)
have a limited range, as their energies are very low. The radiation damage of the
secondary electrons is localised around the p-beam path. This means that high-density
structures with almost no proximity e↵ect, having straight and smooth sidewalls, can
be achieved on the micro/nanoscale [48]. A microstructure with approximately 3 nm
root mean square roughness (Rrms) has been achieved [49,50]. Owing to the advanced
focusing system, the p-beam focus can be narrowed to approximately 20 nm [51] and,
consequently, high-resolution structures can be written.
To summarise, the abovementioned characteristics of Proton Beam Writing (PBW)
enable the fabrication of structures in 3D, with HAR and vertical sidewalls with low
surface roughness [48]. Despite these features of PBW, it is intrinsically slow, conse-
quently it is only suitable for prototyping. To overcome this drawback, e↵orts have
been directed to make this direct writing method usable for mass production. One
of the proposed solutions includes a combination between PBW and a complementary
technique such as the imprint lithography [52,53].
Another disadvantage that is holding back the widespread use of PBW is the need for
huge and complex particle accelerators (e.g. tandem or single ended), which are not
17
user-friendly machines. Therefore, it is necessary to have a small footprint instrument
like FIB and EBL in which PBW could make a paradigm shift in the lithographic
process. To reach the ultimate goal, the di↵erent parts of the current instrument, such
as ion source, accelerator, steering and focusing systems have to be reduced in footprint.
For example Liu et al. [54] have started developing a novel design of miniaturised ion
source that can be used in the future to build a compact PBW system.
2.4.3 Soft-lihtography
This method requires a stamp or mould to transfer a micropattern onto elastomers. It
is a complementary fabrication method to current lithography techniques, such as pho-
tolithography, as the necessary stamp or master is first fabricated using these methods.
An elastomer, such as polydimethylsiloxane (PDMS), is then cast on the written stamp.
The elastomer is cured using a specific temperature and the resultant elastomeric mate-
rial is peeled from the master surface. This technique is called soft because the casting
material used for the replica is elastomeric, (i.e. rubber as the PDMS). In addition,
this technique is also called PDMS lithography, as PDMS is the most common polymer
used with this method [55,56]. Note that, for volume production, the stamp should be
robust so as to maintain the pattern resolution over multiple procedures.
2.4.4 PBW versus FIB
Amongst the ion beam techniques, PBW is considered to be the newest technology and
has certain advantages over FIB. The latter, as mentioned above, has limited material
penetration, at tens of nanometres. This is because the initial ion energy is low and
it possesses a high mass. Therefore, the use of FIB for the production of thick 3D
structures is limited [57]. In contrast, PBW can penetrate resists to tens of micrometres
with insignificant deviation [9]. The di↵erence in the penetration capacities of these
methods is illustrated in Fig. 2.10. A further disadvantage of FIB is its slow fabrication
process. Atoms are sputtered from the target surface area at a very low rate. However,
in PBW, the removal of material from the p-beam damage track is approximately one
million times faster than the FIB activity [42].
2.4.5 PBW versus EBL
The physical properties of the proton give PBW superiority over EBL. High-resolution
features on a scale of tens of nanometre can be written via EBL. However, when the e-
beam penetrates the resist more deeply, the micro/nanofeature resolution deteriorates;
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this is the result of large electron scattering as the beam traverses the resist. Therefore,
this method is limited to the fabrication of shallow structures only. In contrast to EBL,
PBW is capable of writing deep structures. Moreover, because of their high energy
and mass, protons experience almost no deviation along the beam track. Further,
the induced secondary electrons have very low energy, thus, the damage triggered by
these secondary electrons extends to only several nanometres around the p-beam path
axis. Consequently, PBW has the ability to structure deep, high-density, straight, and
smooth micropatterns with almost no proximity e↵ects [58,59]. The primary di↵erences
between PBW and EBL are illustrated in Fig. 2.10.
Figure 2.10: Primary di↵erences between major lithography techniques (PBW,
FIB, EBL, XRL, and EUV) and their interactions with a resist (PMMA) [42].
2.4.6 PBW versus UVL and XRL
Photolithography methods su↵er from some primary limitations compared with PBW,
namely, di↵raction of the photon beam (UV, X-ray) and mask quality issues. In addi-
tion, photolithography is either time consuming, consisting of several steps, or costly,
as in the case of XRL. Further, the dose distribution throughout the resist material
is exponential. PBW, however, has advantages over X-ray and UV lithography in
that the p-beam is used to perform direct writing (free of any mask issues) and yields
high-resolution structures (because of the shorter wavelength  ). The p-beam passes
through resists and deposits a small and uniform amount of its energy along the ma-
jority of its track. A comparative schematic diagram of PBW, UVL, and XRL is shown
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in Fig. 2.10. Finally, other major characteristics of the most commonly used current
microfabrication techniques are summarised in Table 2.2.
Technique
Sub-100 nm
capability ( nm)
Requires
mask
Facility
availability
Mass
production
3-D
capability
Optical Lithography No Yes Widespread Yes No
X-ray lithography
(LIGA)
Yes(depends on mask) Yes
Scarce and
expensive
Yes Yes
UV Lithography Yes(depends on mask) Yes Scarce Yes Yes
Electron Beam Lithograph
(EBL)
Yes No
Medium
availability
No No
Focused Ion Beam
(FIB)
Yes(depends on focusing system) No Scarce No No
High Energy Ion Beam
(PBW)
Yes(depends on focusing system) No Very scarce No Yes
Table 2.2: Various microfabrication techniques and the primary distinctions
between them [57].
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Chapter 3
PBW Literature Review
3.1 Microstructure fabrication by PBW
Proton beam writing (PBW) exhibits some superiority over current alternative lithogra-
phy techniques as regards the fabrication of three-dimensional (3D) micro/nano struc-
tures, and its features have been discussed in the previous chapter. Several studies
have been conducted to demonstrate the capabilities of this technique and promising
results have been obtained.
The first demonstration of the use of a MeV proton beam (p-beam) for the writing of
microfeatures was conducted in Oxford by Breese et al. [60]. In that study, poly(methyl
methacrylate) (PMMA) was irradiated by a sub-micron-focused p-beam with an energy
of 3 MeV at di↵erent doses to create channels of 2 µm width and 10 µm depth. The
PMMA behaved as a positive resist and the p-beam caused a scission interaction (the
irradiated area was washed away usineg developer). It was demonstrated via simulation
that it was possible to obtain a resolution of 120 nm. The authors concluded that the
resolution of the written patterns was a↵ected by the halo around the focused beam
and the applied beam fluences.
The ability of p-beams to produce 3D structures was investigated by de Kerckhove et
al. [61]. 3D microturbines were fabricated in PMMA using a 3 MeV p-beam and doses
between 0.6 and 1 pC/µm2. The exposure stage was provided with movable parts that
allowed the sample to be tilted to an approximately ±10   rotation through 360  . The
high-straggle region of the p-beam range was observed. This, in turn, compromised the
structural quality. Further, some artefacts observed on the structure may have been
due to the method used to scan the beam over the resist. For instance, the authors
reported that the applied raster scanning produced certain artefacts on the structure
walls. Note that this problem can be minimised if vector scanning is used instead.
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It has been found that the realisation of good-quality microfeatures in PMMA requires
p-beam doses of 60–100 nC/mm2 for 2 MeV p-beam energy. The dose value increases
for higher-energy p-beams. For example, at 3 MeV, the optimal dose ranges from 250
to 500 nC/mm2 [62, 63].
Further, the beam resolution (spot size) should be chosen to match, or to be slightly
larger than, the size of the pixels in the scanned pattern. A smaller beam resolution
than the written pixels leads to underexposure and artefacts may then appear. The
pattern resolution also controls the beam step size, which is another exposure factor
that may have a significant e↵ect on the smoothness of the written structure surface.
Therefore, the sidewall smoothness can be improved by increasing the resolution of the
scanned pattern [62].
SU-8 a photoresist polymer which acts as a negative resist (the irradiated area becomes
insoluble in chemical developer), has also been irradiated with p-beams. This polymer
has higher sensitivity than PMMA, meaning that the doses required to pattern a struc-
ture are smaller. It has been found that proton doses ranging from 10 to 40 nC/mm2
can fabricate good-quality structures in SU-8 [59, 63]. A previous study [59] has as-
serted that a thick SU-8 layer requires a higher dose than a thin layer. Specifically,
SU-8 of approximately 90 µm thickness must be irradiated with a p-beam dose of more
than 100 nC/mm2 compared with the 10 nC/mm2 dose required for a 20 µm thickness.
The minimum feature achieved in that study was a post of 1.5 µm in diameter. There-
fore, a high-density structure was written with an aspect ratio of 20:1. The beam spot
size and the irradiation dose played a significant role in determining the quality of
the microfeature, according to the author. The rough surfaces that were observed in
some structure walls were attributed to the fact that the beam step size was large. To
overcome this problem, the dose was increased so as to smoothen the wall. Another
potential means of addressing this issue is to increase the input file resolution [62]. The
stability of the beam is vital in PBW, as fluctuation of the beam current may result in
serious damage to the fabricated structure [57]. This problem becomes serious when
the exposed resist is highly sensitive, such as in the case of SU-8 (Fig. 3.1a). A fluctu-
ating beam can deliver a lower than required dose, which could lead to a mechanically
unstable structure (Fig. 3.1b). Moreover, beam fluctuation can pose an obstacle to
the downscaling of microstructures [64].
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(a) (b)
Figure 3.1: SEM images showing (a) pillars with a wavy surface resulting from
beam intensity fluctuation during PBW and (b) under-exposed features due to
an unstable beam.
PBW is not used in mass production at present. Rather, it is utilised to fabricate the
stamp, or master, for the imprinting process used in volume production. A smooth
wall is one of the critical features of a stamp structure [65]. With advances in the accel-
erator industry, new-generation accelerators can produce ion beams with high stability
in terms of both energy and intensity, by virtue of the accelerator feedback system.
Consequently, micro/nanostructures with good surface quality have been produced, as
reported by van Kan et al. [66]. Surface roughness values of between 3 to 7 nm have
been achieved [66, 67].
PBW is a maskless technique and the beam, being composed of charged particles, is
scanned over an irradiated matrix using either magnetic or electrostatic scanning to
pattern an input structure. The beam between the irradiated features (the exposed
pixels) should be completely blocked (or blanked) to prevent unnecessary irradiation.
The use of a beam blanker has improved the quality of PBW structures [45]. As an
example, structures that were irradiated without beam blanking are shown in Fig.
3.2a. It is apparent that the structure quality is compromised, as some areas around
the pillars exhibit the e↵ects of radiation overdose. Note that the structure quality
was significantly improved when the beam was blanked between exposed points (Fig.
3.2b).
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(a) (b)
Figure 3.2: SEM image showing microstructures written (a) without and (b)
with beam blanking.
A p-beam can penetrate the resist in a predominantly straight track for the majority of
its path, except at the end of its range. This has enabled the fabrication of structures
with high aspect ratios (HARs), as reported by van Kan et al. [68]. It has been
claimed that a structure with a HAR of approximately 100 can be obtained, compared
to the value of 60 that was achieved in the study by [61]. The beam resolution used
to perform this exposure was approximately 1 µm. As a result of improvements in
focusing the proton beam down to about 35 nm ⇥ 75 nm [67], a higher aspect ratio has
been achieved. The focusing facilities of the p-beam have been improved significantly
and a beam with a resolution of less than 20 nm has been realised using an Oxford
triplet lens with high demagnification and arranged in a specific configuration [69].
Investigation into ion sources as vital factors in enhancing beam resolution has been
initiated; for example, it has been reported that tuning of the ion source can increase
the beam brightness and reduce the divergence [54]. The cited study has claimed that
the tuned ion source can be used for the production of p-beams with resolutions of less
than 10 nm.
As a result of these improvements, the downscaling of structures to approximately
19 nm has been achieved [70]. These nanostructures were written in PMMA and the
negative resist hydrogen silsesquioxane (HSQ). Good resolution has been obtained for
HSQ under PBW, but the short shelf life of this material may be the primary factor
limiting its wide application, as noted by van Kan et al. [71]. For instance, the authors
have reported that the contrast of a monitored specimen decreased from 3.2 to 1.7
after approximately 10 months following spin coating (see Fig. 3.3). The resolution
also deteriorated. Resists contrast can be defined as the development rate as a function
of the irradiation dose. Better resolution can be achieved in resists with high contrast.
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Figure 3.3: CContrast curve of HSQ resist irradiated by 2 MeV a short time
after spin coating (contrast: 3.2) and 10 months after spin coating (contrast:
1.7) [71].
Similar results have been reported by Ynsa et al. [72]. Two resists, KMPR and EPO,
were irradiated by a p-beam, and post-exposure processing seemed to have an impact
on the quality of the written pattern. It has been claimed that post-exposure baking
(PEB) enhances the structure quality; however, this is in contrast with Ref. [48], which
reports that PEB can deteriorate the written pattern resolution. In addition, it has
been found that the resolution deteriorates when the latent image is developed 7-day
after exposure. However, in contrast to SU-8 and HSQ, KMPR and EPO exhibit higher
sensitivity.
The method used to scan a structure on a resist has a profound impact on the quality
of the written pattern. The scanning system has two main components: the scanning
algorithm (software) and the scanner (hardware). A scanning algorithm is a set of
orders sent to a scanner to manipulate the charged particles (i.e., the p-beam), so
as to write a structure. Magnetic and electrostatic scanning are used to sweep the
beam over the irradiated resist, with magnetic scanning having the capacity to cover a
larger area. However, this type of scanning exhibits some response lag (coil magnetic
hysteresis) [73]. In rapid scanning with a short dwell time, the beam is mis-allocated
at the specimen edges (where the beam changes direction) and, consequently, irregular
edge exposure can occur. The scanning process can be decelerated by increasing the
beam dwell time, which minimises the e↵ect of this phenomenon. In addition, both
blank and exposed pixels are scanned with the same dwell time [74]. Electrostatic
scanning can be used to accelerate the scanning process to up to 2 orders of magnitude
greater than the magnetic scanning rate, while maintaining good quality. However, the
electrostatic scanning area is small [75].
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In terms of the scanning algorithm, as has been noted in some of the studies discussed
earlier in this chapter, raster scanning has yielded jagged walls. Therefore, Sanchez et
al. [76], have reported a new algorithm based on turtle scanning. Here, the beam is
swept in a continuous path (meandering) across the exposed area. Consequently, large
changes in the beam position (jumps) are minimised. The writing process finishes with
outline scanning of the contour of the figure, as shown in Fig. 3.4. Sanchez et al. claim
that this results in sharp and uniform edges.
Figure 3.4: Beam sweeping on exposed area, based on turtle mode, followed by
raster scanning [76].
Chiam et al. [77] have investigated the influence of various scanning methods on the
quality of the developed written structures (see Fig. 3.5). In addition, they examined
the e↵ect of the number of scans by comparing single- and multi-loop scanning. The
surface topology was found to di↵er in the structures written using two algorithms,
with the root mean square roughness (Rrms) range being smaller in the W-algorithm
compared with the L-algorithm. Moreover, increasing the number of scanning loop
(multi-loop) helped to smoothen the surface (to an Rrms of approximately 3 nm).
(a) L-algorithm (b) W-algorithm
Figure 3.5: Two forms of scanning (L and W algorithm) used in scanning
PMMA [77].
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Bettiol et al. [74] have developed an algorithm that sweeps the p-beam in a vector
scan as part of the ionscan package. This method is also based on the turtle algorithm.
The authors attempted to overcome the issue of jagged artefacts that occur along some
structure walls following raster scanning [75]. Di↵erent scanning modes can be chosen
via ionscan, as shown in Fig. 3.6. For example, Spiral scanning modes (Fig. 3.6a and
3.6b) sweep the beam in tracks parallel to the edge; this approach has been shown to
reduce the surface roughness.
(a) (b)
Figure 3.6: Spiral algorithms for basic shapes: (a) Spiral square and (b) spiral
circle.
Furthermore, ionscan includes a modified raster scan with edge scanning (or silhouette),
as shown in Fig. 3.7. The desired pattern is first designed in a new file format (emc).
The emc file is ASCII file contains keywords that define the structure to be scanned.
The ionscan required that the emc format is converted to epl which is file format that
ionscan can manipulate.
Figure 3.7: Raster scanning with edge scanning (silhouette) to smoothen rough
surfaces that can be due to scanning coil hysteresis.
Although improvements to the written structure quality have been achieved using these
scanning methods, this algorithm is still limited as regards the scanning of basic shapes.
To overcome the limitations of ionscan, Udalagama [78] has developed algorithms to
facilitate the fabrication of patterns with complex structures. Two algorithms are
utilised in this approach, one of which fills arbitrary shapes using spiral scanning (spiral
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filling). In this algorithm, the outline pixels are not included (they are not exposed).
Therefore, another algorithm is utilised to sweep the beam over the pattern contour.
However, this method appears to still be in the research stage, as it has not been widely
adopted.
In the above section, the general topics relating to the use of p-beams to fabricate
micro/nanostructures have been discussed. In the following subsections, focus is placed
on the PBW of microfluidic and multi-level structures.
3.1.1 PBW of microfluidic system
PBW has been used successfully in the fabrication of microfluidic devices. 3D mi-
crostructures with HAR are of growing interest for di↵erent applications and, particu-
larly, for microfluidic channels. Several studies have used PBW for the patterning of
micro/nanostructures for microfluidic-based applications. For example, Mahabadi et
al. [49] have reported on the fabrication of microchannels in PMMA with a HAR (5 µm
depth, 200 nm width). The measured surface roughness was quite small, at approxi-
mately 2.5 nm. The authors have claimed that this low surface roughness value has an
negligible influence on the fluid flow. Magnetic and stage scanning were combined to
fabricate long and wide channels and the electrokinetic phenomena in the fabricated
channel were characterised. Results obtained using the theoretical model developed
to predict the bulk electro-osmotic flow of a phosphate bu↵er solution in the channels
showed good agreement with the measured electro-osmotic mobilities. The nanochan-
nels were enclosed (Fig. 3.8) so as to decelerate the fluid evaporation. In addition,
it has been shown that the capillary force drives the fluid more e↵ectively in an en-
closed channel [79]. In that case, enclosure of the channel was achieved using thermal
bonding. However, this form of bonding exhibits some disadvantages. Di↵erences in
the PMMA molecular weights or the supplier (substrate and cover) cause a failure in
the bonding process. In addition, the use of di↵erent materials to encapsulate the
microchannel may cause fluid flow disturbance. The pressure and temperature which
is necessary for thermal bonding may cause a deformation for the channel geometry.
This e↵ect is particularly pronounced in nanoscale channels, see Fig. 3.8 [80].
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Figure 3.8: PMMA nanochannels fabricated using PBW and encapsulated using
thermal bonding [80].
To study cell behaviour, PBW has been used to pattern 3D microstructures at a
cellular scale [81]. In that study, the structure was fabricated in PMMA and was
composed of circular grooves and ridges of 10-30 µm wide and 5-20 µm deep. Di↵erent
microfeature aspect ratios, which is a controllable parameter in PBW, were employed to
control the migration and to guide the cells in a particular direction. According to the
authors, this structure is useful for tissue-engineering applications. In a similar study,
Zhang et al. [82] used grooves and ridges to study the influence of geometry on cell
behaviour (particularly cell mobility and alignment). Micro ridges and grooves were
fabricated in PMMA with di↵erent dimensions of 12-20 µm width and 10 µm depth.
It was concluded that geometric constraints (grooves and ridges) a↵ect cell speed and
alignment. It was also found that the cells in the grooves of 20 µm width moved more
rapidly than those in grooves of 12 µm and that moved freely on flat PMMA.
PBW can fabricate deep structures depending on the p-beam energy, and this fea-
ture has benefits as regards sorting-based biological applications. For example, deep
nanochannels (sub 100 nm) fabricated between successive reservoirs have been utilised
successfully in DNA sorting, see Fig. 3.9. The DNA trapped in the reservoirs were
unfolded through the application of an electric field along the nanochannel, through
which allowed the DNA was permitted to pass [9, 83].
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Figure 3.9: SEM image of micro/nanostructures composed of reservoirs with
nanochannel interlinking for size-based DNA sorting and characteristic uncoiling
[9].
Futua et al. have fabricated SU-8 pillars with a HAR (20 µm height and 1 µm diameter)
using PBW [84]. Based on the dielectrophoretic phenomena (DEP), the pillars were
used as filters for microbes such as Escherichia coli and yeast. It was shown that the
E. coli and Yeast were successfully trapped.
The enhancements in the geometry of written microstructures using PBW facilitates
the realisation of safe environments for biological analysis. In addition, the analysis
quality can be improved. In a study conducted by Homhuan et al. [85], single-cell
electroporation was performed e ciently in a safe environment. Electroporation is a
technique in which an electric field is applied to a cell membrane to increase its perme-
ability and to allow drugs, DNA, or chemicals to pass into the cell. The non-uniformity
of electroporation electrodes creates a highly non-uniform electric field. However, high
electric field strength can lead to increased temperatures that may cause cell damage.
The electrodes fabricated by PBW have smooth and vertical walls, which results in a
uniform electric field; this provides greater control over the electroporation process. In
this study, the electrodes were 7 µm high and separated by 50 µm gap. Furthermore,
the PBW enabled miniaturisation of the gap between the electrode (50 µm); this, in
turn, resulted in the generation of a high electric field through the application of a
low voltage. The biochip fabricated in this study achieved cell electroporation with a
transfection rate of 82.1 % and a cell survival rate of approximately 86.7 %.
Microchannel bonding is vital, as mentioned earlier in this section. However, the
current bonding methods are not appropriately e cient and may have certain disad-
vantages. The encapsulation of microchannels through conventional bonding, such as
thermal bonding or the use of adhesive material, yields a channel that is susceptible
to deformity as a result of applied pressure or temperature elevations. In addition, the
use of adhesive to roof the channel may result in clogging [11,80].
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To overcome the limitations of conventional bonding methods, Tay et al. have intro-
duced a new approach to fabricating buried channels [86]. They exposed SU-8, as a
negative resist, to multiple energies in order to structure a buried channel (3D mi-
crochannel). The SU-8 was irradiated by a focused p-beam (1 µm) at energies of 2 and
0.6 MeV (Fig. 3.10). This method produced an enclosed channel more quickly than
the conventional bonding used in photolithography [87].
!
Figure 3.10: 3D channel fabrication in SU-8 using multi-exposure with energies
of 2 and 0.6 MeV [86].
In contrast, the use of a single energy to structure embedded channels has been reported
by Rajta et al. [88]. This method, which is based on tilting of the substrate (±20  )
with respect to the p-beam, can be seen in Fig. 3.11. According to these researchers,
this method is simpler and faster than multi-exposure regimes [68, 86]. In this study,
the channel was written using 2 MeV in SU-8 and ADEPR as negative resists. The
aspect ratios of the written structure channels were approximately 14 and 7 for the
SU-8 and ADEPR, respectively.
(a) (b)
Figure 3.11: (a) SU-8 irradiation for embedded channel fabrication using single
p-beam at substrate tilt angles of ±20  and (b) resultant physical pattern.
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In previous studies, buried channels have been fabricated in negative resists and, in
particular, using SU-8 as a structural material. However, these buried channels can
also be structured in a positive resist. Gonin et al. [89] attempted to irradiate PMMA
so as to pattern enclosed channels. In an approach similar to Rajta et al.s method [88],
the PMMA was exposed using a single p-beam energy (2.7 MeV). The written channel
was approximately 120 µm deep. The dose used to create the uniform channel was
optimised at this energy, at approximately 75 nC/mm2.
Figure 3.12: SEM image of enclosed channel fabricated in PMMA using single
p-beam energy [89].
Similarly, Rout et al. [90] have reported the possibility of machining a buried channel
in PMMA in a single irradiation step. The approach presented in that study is based
on the damage that occurs at the end of the beam range for certain doses. In order to
form enclosed tunnels at the end of the beam range, the PMMA was irradiated with
low doses that caused less damage to the tunnel top layer (see Fig. 3.13). It is obvious
that this channel has a rough surface as a result of porous formation. Furthermore,
the channel shape cannot be controlled easily.
Figure 3.13: SEM image of a buried channel formed at the end of the ion beam
range in PMMA [90].
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To accelerate the exposure process, a large rectangular patterned area can be exposed
in a single step; this method was presented in a study by Gorelick et al. [91]. A new
technique, referred to as programmable proximity aperture lithography (PPAL), has
been used to fabricate microfluidic devices in PMMA. It is claimed that PPAL, in
combination with the movement stage, allows the fabrication of a large feature (up
to 500 µm2) in a single exposure step. The PPAL aperture consists of two L-shaped
blades that are used to define the beam spot size. These blades are used instead of
a focusing system (magnetic lens) and more details about this method can be found
elsewhere [92], as shown in Fig. 3.14.
Figure 3.14: Aperture definition used in PPAL method [91].
According to the authors of that study, application of this method reduces the beam-
focusing time, particularly for systems with large divergence. However, scattering from
the PPAL edges may restrict the structural downscaling and produce poor-quality
elements. Moreover, the pattern is required to be a combination of rectangular units.
For mass production, PBW has been used to fabricate a polymeric master or stamp [93].
In combination with a soft lithography technique using polydimethylsiloxane (PDMS),
the polymeric stamp was used to imprint a PDMS microfluidic device. Di↵erent chan-
nel sizes were written in combination on the resist, HSQ, and SU-8, and features of
approximately 60 nm were attained. The produced stamp maintained its quality even
after it was used for more than 200 imprints. The replicated PDMS nanofluidic device
was used to manipulate DNA molecules.
Some issues arose regarding the PDMS replica created using the polymeric master.
Firstly, PDMS is mechanically flexible (low Youngs modulus) and, because of this
property, a high resolution could not be easily attained; this is despite the fact that the
master had a high resolution. Secondly, for HAR patterns, it was di cult to detach
the PDMS form the mould [94]. Further, chemical cleaning of PDMS patterns may
lead to serious damage of the fine features. These problems have been addressed in
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a study conducted by van Kan et al. [58, 95], where a metal mould (nickel; Ni) was
used for PDMS lithography instead. As a metal, Ni is robust and therefore has a
longer lifespan than not only polymeric stamps, but even master moulds fabricated
in silicon (Si) or quartz (SiO2). Furthermore, it was claimed that the Ni mould had
vertical and smooth sidewalls. Consequently, HAR (⇡ 6) and high-resolution (300 nm)
structures were replicated in PDMS. This study also included an investigation of new
materials that could facilitate high-resolution nano imprinting lithography (NIL). The
materials used were AR-P 3250, WL-7154, and maN-2410, and the exposure parameters
and resolutions attained for these resists are summarised in Table 3.2. Further, the
application of this method to nanofluidic experiments has been investigated [96].
The biocompatibility of the materials used to fabricate devices for microfluidic-based
biological applications is a prominent concern for researchers. Polymers such as PMMA
and SU-8 exhibit a high degree of biocompatibility and, therefore, their use is widely
reported in the literature. Larisch [97] has demonstrated the possibility of writing
a microstructure in agar gel. Agar is considered to be highly biocompatible and is
widely used for biological applications, e.g., for applications involving bacteria cultures.
In that study, PBW focused to approximately 1 µm was used to directly fabricate a
microfluidic structure in agar for a single-cell study. The agar exhibited a positive
behaviour where the irradiated areas were dissolved in water. The exposure parameters
and achieved resolution can be found in Table 3.1. This structure was composed of
microchambers for single-cell confinement that were linked by microchannels, as shown
in Fig. 3.15.
Figure 3.15: SEM image of microchambers connected by microchannels written
in agar using PBW [97].
The structure shown in Fig. 3.15 was used to form an organised neural network.
Single cells were localised in microcompartments and the channels interconnecting the
chambers directed the axon and dendrite outgrowth towards the neighbouring cells.
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3.1.2 PBW of Overhanging Structures
Overhanging or suspended structures constitute essential components of microelec-
tromechanical systems (MEMS). They have been used in di↵erent cantilever-based
applications, such as chemical and biological sensors and MEMS switches [98,99]. Dif-
ferent microfabrication techniques have been employed in the machining of overhanging
structures [100, 101]. However, these methods are expensive and involve several steps.
In contrast to these techniques, PBW has the ability to fabricate suspended struc-
tures in an easy, quick, and inexpensive manner. P-beams can penetrate a resist with
well-defined ranges in accordance with their energy. The exploitation of this feature fa-
cilitates the production of a multilevel structure in a single resist layer [102,103]. Some
suspended structures are shown in Fig. 3.16. The suspended grid in Fig. 3.16b,for
example, was structured in 20 µm SU-8 using energies of 2 MeV for the support part,
while the suspended layer was irradiated with 0.6 MeV. The straight wall of the sus-
pended grid shows that the low-energy case exhibits less straggle.
(a) (b)
Figure 3.16: SEM images of suspended structures fabricated using PBW at
multiple energies in a single SU-8 layer. (a) Cantilevers (one free end) of various
lengths and (b) suspended grid [103].
Complex multilevels can still be easily attained in a single resist layer [63]. Three levels
of structural patterns have been written in thick SU-8 (36 µm) using triplet energies
of 2, 1, and 0.6 MeV (Fig. 3.17).
(a) (b)
Figure 3.17: (a) Three-level suspended grid and (b) physical written suspended
grid in single SU-8 layer using p-beam energies of 2, 1, and 0.6 MeV [63].
A prototype of a functional cantilever has been structured using two exposures at
the University of Surrey Ion Beam Centre (IBC). The cantilever was written in a
nanocomposite conductive polymer functional material [104], as shown in Fig. 3.18.
Figure 3.18: SEM image of cantilever fabricated from nanocomposite polymer
via multi-exposure [104].
Rather than employing di↵erent energies to produce a multilevel structure, multiple
fluences can be utilised based on so-called ’greyscale lithography’, as shown in the
sketch in Fig. 3.19.
Figure 3.19: Greyscale lithography using di↵erent p-beam fluences to fabricate
multilevel structure [105].
Using greyscale lithography, multilevels have been patterned in ma-N and SU-8 neg-
ative resists [105]. In Fig. 3.20a, PBW with a beam energy of 2.25 MeV and doses
ranging from 1.2 to 12⇥ 1013 proton/cm2 was used to pattern ma-N. Note that higher
and lower doses can produce features of high and low heights, respectively. Similar
exposure parameters were applied in the case of the SU-8 resist, and the structure
shown in Fig. 3.20b was produced. Compared with the pattern in the ma-N, the SU-8
pattern exhibited poor resolution. PEB played a key role in improving the stability
and resolution of the written structure [72].
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(a) (b)
Figure 3.20: SEM images of grayscale patterns written using PBW with mul-
tiple fluences in negative resists: (a) ma-N and (b) SU-8.
3.1.3 Resist materials for PBW
One of advantages of the PBW technique is its ability to write on a wide range of
materials, which are primarily polymers. Under p-beam bombardment di↵erent mate-
rials exhibit di↵erent behaviours, either negative (e.g., SU-8) or positive (e.g., PMMA).
Several studies have been conducted to investigate suitable material for use with PBW.
Further, van Kan et al. have provided a list of these materials [106], including types of
resists (negative or positive), the optimal dose required for micro/nanostructure writ-
ing and the written pattern resolution. Tables 3.1 and 3.2 summarise the positive and
negative materials, respectively.
Resist Dose needed ( nC/mm2) Smallest feature written Ref.
PMMA 80 - 150 20 - 30 nm [63]
PMGI 150 1.5 µm [63]
PADC (CR-39) 600 3 µm [107,108]
Forturan 1 5 µm [107]
Agar ⇡ 480 10 µm [97]
Table 3.1: List of positive resists that are suitable for PBW, including optimal
doses and written microstructure resolutions [106].
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Resist Dose needed ( nC/mm2) Smallest feature written Ref.
SU-8 10 - 40 60 nm [63,67]
HSQ 30 19 nm [70]
WL - 7154 4 - 8 260 nm [58]
TiO2 8,000 5 µm [109]
Si 80,000 15 nm [110]
TADEP 125 - 238 110 nm [111]
ma-N 2401 40 60 nm [66]
ma-N 2410 70 - 200 250 nm [58]
AR-P 3250 30 - 50 330 nm [66]
AR-P 3250 (AR 1:3) 50 120 nm
KMPR 140 1 µm [72]
ma-P 1275 HV 20 10 µm [112]
Diaplate 10 10 µm
ma-N 440 200 400 nm [113]
GaAs 100,000 12 µm [114]
PDMS 1 - 600 10 µm [97,115,116]
PTFE 16000-45000 [117,118]
Table 3.2: List of negative resists that are suitable for PBW, including optimal
doses and written microstructure resolutions [106].
It is apparent that functional materials such as nanocomposites or even conductive
polymers have not yet been investigated.
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Chapter 4
Materials and Methods
4.1 Materials
4.1.1 Introduction
In this work, microstructures for di↵erent applications were written in polymer pho-
toresists. Compared to their counterparts (e.g., glass or semiconductors), polymer
photoresists can be easily fabricated in a quick and inexpensive process. In addition,
polymers can be modified to be electrically conductive so as to meet certain application
requirements, as in the case of microelectromechanical systems (MEMS) applications.
This can be accomplished by adding metal nanoparticles (NPs) to the polymer, yielding
a substance known as a polymer nanocomposite.
Resists are photon-or charged-particle-sensitive materials that are used with various
lithographic techniques. These materials are classified as negative- or positive-tone
resists, in accordance with their interaction with the radiation, as shown in Fig.4.1.
In a negative-tone resist, the exposed area becomes insoluble through cross-linking of
molecule chains. In contrast, positive-tone resists exhibit soluble exposed areas known
as scissioned molecule chains.
Sensitivity
The resist sensitivity can be defined as the beam dose required to pattern a certain
structure, i.e., a high-sensitivity resist requires a low dose for patterning. The sensitiv-
ity of a resist can be influenced by several factors, such as the beam energy, polymer
molecular weight, and the presence of any additive materials (e.g., additives for chem-
ical amplification) [119]. The sensitivities of various resist materials for proton beam
writing (PBW) have been reported previously. For example, SU-8, as a negative re-
sist, exhibits a high sensitivity of approximately 30 nC/mm2 at 2 MeV under PBW.
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On the other hand, poly(methyl methacrylate)(PMMA) exhibits a lower sensitivity.
At the same energy, a structure can be written at a p-beam dose of approximately
90 nC/mm2.
Resist 
Substrate 
Positive resist 
e.g. PMMA  
Negative resist 
e.g. SU-8 
Exposure  
Developed 
resist  
Radiation  
Figure 4.1: Behaviour of negative and positive resists when exposed to ionising
radiation.
4.1.2 Poly(methyl methacrylate) (PMMA)
PMMA is a thermoplastic polymer, and its chemical structure is illustrated in Fig.4.2.
This material is amorphous and has certain excellent physical properties. Specifically,
PMMA is rigid and has good optical transparency; however, it is also brittle and has
poor chemical resistance. Its other primary properties are summarised in Table 4.1.
Figure 4.2: PMMA chemical molecular structure [120]
PMMA is synthesised through polymerisation of methyl methacrylate (MMA), as de-
picted in Fig.4.3. PMMA behaves as a positive resist when irradiated by a MeV
p-beam. The polymer chain in the exposed areas undergoes scission and becomes solu-
ble in chemical developers. It exhibits less sensitivity than SU-8, and therefore requires
higher doses for structure patterning. Also, as a commonly used resist in electron beam
lithography (EBL), PMMA has high imaging resolution [121,122].
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Figure 4.3: PMMA synthesis [10].
Property Value
Density (g/mˆ3) 1.18
Minimum light transmission (%) 90 - 92
Refractive index 1.492
Young’s modulus (MPa) 1800-3100
Poisson ratio 0.35-0.4
Tensile strength (MPa) 48-76
Thermal conductivity (W/m.K) 0.167-0.25 W/m.K
Biocompatibility good
Table 4.1: Selected primary properties of PMMA [123].
4.1.3 SU-8
SU-8 is the primary resist used in the present work. This substance can be categorised
into two classes according to application: pure SU-8, used in the fabrication of microflu-
idic applications, (i.e., neuron cell arrays (NCA) and capillary micropumps (CMP)),
and conductive SU-8 nanocomposite (SU-8/silver NP (AgNP)), which is used for elec-
tromechanical applications (i.e., MEMS switches). SU-8 is considered to be the most
appropriate polymer candidate to satisfy the application requirements imposed in the
present work. For instance, three-dimensional structures such as buried channels and
overhanging structures (i.e. cantilever). The next section will discuss some important
properties of SU-8 in more detail.
SU-8 is epoxy based negative photoresist. It has a high chemical resistance and excellent
mechanical properties [124]. These properties facilitate the fabrication of high-aspect-
ratio (HAR) microstructures with high structural stability. Moreover, SU-8 is biocom-
patible, which is a necessary characteristic for biological applications. Furthermore,
this material is optically transparent (  > 400 nm), which may allow the monitoring
of biological media within buried channels, to some extent. From a microfabrication
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perspective, SU-8 is a highly sensitive polymer (i.e., it is chemically amplified). There-
fore, a low radiation dose is su cient for the fabrication of a structure within a short
exposure time. As a result of these properties, SU-8 is a good candidate for a wide
spectrum of applications [125–128]. Its chemical and physical properties are discussed
in the following sections.
Chemical characteristics
SU-8 is a photo-polymerizable resist that behaves negatively, in that exposed areas
become insoluble in chemical developers. SU-8 contains eight groups of epoxy within
a single molecule (see Fig.4.4) [10,129]. Note that photo-initiators are typically added
to SU-8 epoxy. Irradiation of SU-8 with energetic ionising radiation (i.e., a p-beam in
this work) irreversibly converts the irradiated areas to insoluble regions in the SU-8
developer; the unexposed areas dissolve in the developer. The p-beam initiates inter-
action, leading to the formation of free radicals. These species, which are chemically
highly reactive, cause cross-linking of the chain of molecules in the SU-8, with the new
cross-linked regions having distinct chemical and physical properties.
Epoxy
 groups
Figure 4.4: SU-8 chemical molecular structure [130].
The presence of a photoacid generator (curing agent) di↵used in SU-8, such as triaryl-
sulfonium hexfluorantimonate (SbF6), is used to facilitate cross-linking during post-
exposure baking (PEB). This induces cationic polymerisation through the reaction of
the epoxy rings [131, 132]. Consequently, a low p-beam dose is su cient to initiate
cross-linking interactions. The photochemical interaction upon radiation exposure as
reported by Wang et al. [133] can be expressed as
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(4.1)
The cross-linking process is very slow at ambient temperature. Therefore, PEB is
necessary to attain a fully cross-linked structure under ultraviolet (UV) treatment.
The case involving the PBW is di↵erent, as the cross-linking process is completed to
some extent during the irradiation. Therefore, the application of PEB is not recom-
mended for some PBW structures, as it may seriously deteriorate the written structure
resolution [134].
Physical characteristics
Microstructures with HAR were required for the applications discussed in the current
work. In general, polymeric structures with HAR are prone to mechanical instability.
Of the polymer materials, SU-8 is considered to be mechanically strong, and it has
been used successfully for the fabrication of HAR polymeric structures [129,135]. Two
series of SU-8 were used in this work: SU-8 2000 and SU-8 3000. The mechanical
properties and other physical characteristics of both formulas are summarised in Table
4.2. Note that SU-8 3000 was used to resolve the poor adhesion of SU-8 2000 on glass.
This problem will be explained in a later section of this chapter.
Property SU-8 2000 SU-8 3000
Softening point, DMA ( C) 210 200
Youngs Modulus (GPa) 2.0 2.0
Coe↵. of Thermal Expansion, CTE (ppm/ C) 52.0 52.0
Tensile Strength (MPa) 60.0 73.0
Elongation at Break (%) 6.5 4.8
Thermal Conductivity (W/mK) 0.3 0.2
Table 4.2: Mechanical properties of SU-8 3000 compared to previous formula,
SU-8 2000 [136]
Biocompatibility
Ensuring the biocompatibility of the resist used in biomicrofluidic devices is critical
in order to provide a safe environment for biological analysis. For example, neural
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investigations are considered to be long-term experiments, and the tissue in the nervous
system is immensely sensitive. Therefore, the materials of the microdevices used in
these kinds of biological experiments, whether in vivo (e.g., implanted devices) or in
vitro (e.g., microfluidic NCA), must have long-term biocompatibility. Fortunately, the
biocompatability of SU-8 has been demonstrated [137–140].
4.1.4 Polymeric nanocomposite
SU-8/AgNP (100 nm)
To allow MEMS applications to benefit from the mechanical flexibility of SU-8 (e.g.,
MEMS switches), this material has been modified to be electrically conductive. In this
technique, a certain concentration of metal NPs is added to SU-8 to form a conductive
polymer, which is known as a polymeric nanocomposite. In this study, an SU-8/AgNP
nanocomposite, which is also known by the trade name GCM3060 and which was
provided by Gersteltec Sarl, was used to fabricate a MEMS switch. This mixture
consists of SU-8 as a host matrix with AgNPs of an average size of 100 nm. The AgNPs
constitute approximately 30 vol% of the mixture’s volume, and have a conductivity of
approximately 104 Sm 1. The e↵ects of various filler content values in the mixture on
the resultant written structures were examined. The filler content in the composite
was reduced to 25, 20, and 15 vol%. This reduction in filler was used to resolve certain
problems that arose during the PBW process. This will be discussed in detail in the
section dedicated to examination of the optimal PBW conditions.
SU-8/AgNP (20 nm)
To improve the geometrical parameters of the structures written in the polymer nanocom-
posites, a SU-8/AgNP composite with smaller AgNPs was used. Silver nanoparticles
(AgNP) of approximately 20 nm diameter were mixed with SU-8 as at a percentage of
15 vol%.
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4.2 Methods
Pre-exposure processes
4.2.1 Sample preparation
Sample preparation is a crucial step that can have a profound e↵ect on the end-user
microstructure. Therefore, attention should be paid to the preparation of the resist
sample. As a first step, the substrate (glass and silicon (Si)) was subjected to a clean-
ing and dehydration process. Note that any organic contaminants or solvent remaining
after the cleaning process can compromise the entire microfabrication process. The re-
sists were then applied to the substrate, with the PMMA and SU-8 have good adhesion
on silicon, but poor adhesion on the glass substrate. As SU-8 is the only resist used on
glass in the present work, the next section will discuss its adhesion on this material.
4.2.2 SU-8 adhesion on glass substrate
Strong adhesion of the polymer (i.e., resist) on various substrates is crucial in order to
guarantee the viability of the fabricated microstructure. In the present work, a glass
substrate was required for the NCA microfluidic application, because of its biocompati-
bility and its transparency; the latter facilitates optical analysis of neural cell activities.
However, the SU-8 formula (SU-8 2000) exhibits poor adhesion on glass substrate, as
observed for the fabricated NCA microstructure (see Fig.5.1). This poor adhesion can
be attributed to various causes. In particular, mechanical stress generated during the
SU-8 curing and the irradiation process is considered to be one of the primary causes
of this problem, with the post-exposure bake (PEB) treatment making a smaller con-
tribution to this stress. Barber et al. have claimed that the soft-baking time and the
exposure dose play a significant role in generating mechanical stress [141]. Further,
several studies have investigated the e↵ects of these factors on the quality of the final
SU-8 product [142,143]. For example, in soft baking, mismatching between the coe -
cients of thermal expansion of the resist and substrate can lead to poor adhesion and
cracks in the SU-8 film [132]. Generally speaking, the solvent should be evaporated
from the resist gradually. Also, the cross-linking interaction during irradiation causes
shrinkage of the fabricated feature, which creates stress.
The wettability of the substrate by the SU-8 is also a critical factor in attaining good
adhesion. SU-8, as an organic polymer, exhibits poor adhesion with inorganic surfaces
(e.g., glass and metals). It has been suggested that some chemical substances, known as
adhesion promoters or primers, should be used as surface treatments in order to boost
the adhesion of SU-8 to various substrates [129]. Primers initiate strong bonds between
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resists and substrates. For example, hexamethyldisilazane (HMDS) has been applied
to resist film to create a new layer with high surface energy (hydrophilic), thus facili-
tating substrate wettability by the photoresist (e.g., SU-8) [144,145]. The relationship
between the surface wettability and its energy can be found elsewhere [146, 147]. In
addition, HMDS interacts with the residual water on the substrate that prevents good
adhesion [148]. However, although HMDS has been widely and successfully used for
some resists, it has been proven that this primer has a negligible e↵ect on the adhesion
of SU-8 to metal [87, 149] and glass substrates [136].
To address the poor adhesion of SU-8 2000 to glass and metal, a new SU-8 formula
(SU-8 3000) has been used [150]. This formula exhibits strong adhesion on di↵erent
materials, including gold (Au) and glass substrates (see Table 4.3). Further, it has been
claimed that the shrinkage that results from the cross-linking process, or even from the
solvent evaporation during the pre-exposure baking, is reduced and, consequently, the
stress is also alleviated with this formula [136]. This is because SU-8 3000 includes an
adhesion promoter and other resins to impart some flexibility, which, in turn, improves
the adhesion.
Substrate SU-8 2000 Adhesion(MPa) SU-8 3000 Adhesion(MPa)
Au (NCA electrodes) 29 47
Glass poor 23
Glass with HMDS prime poor 44
Table 4.3: Adhesion of SU-8 3000 on glass and Au with and without adhesion
promoter, compared to previous formula, SU-8 2000.
SU-8 3000 was applied to a glass substrate with a thickness of approximately 40–65 µm.
This film thickness is quite large and the film was therefore susceptible to mechanical
stress, which could have been a serious problem if the sample was not properly cured.
The proper treatment of SU-8 includes progressive evaporation of the solvent to reduce
the potential e↵ects of mechanical stress, which may cause cracks or poor adhesion of
the SU-8 to substrates. The optimal preparation process of the 40 µm SU-8 film used
in this study is summarised in the following subsections.
Cleaning and dehydration
1. The glass susbtrate was cleaned primarily in a bath of a 2 % solution of cleaning
agent (Decon 90) and water in a ultrasonic bath;
2. The substrate was further cleaned using a warm acetone bath followed by methanol
and then the sample was immersed in isopropanol (IPA) to remove the residual
solvent from the prior steps;
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3. To remove the IPA, the sample was rinsed using deionised (DI) water;
4. The steps from 1 to 3 can be repeated when necessary.
5. The clean sample was then dehydrated using nitrogen gas and then moved onto
a hotplate at a temperature of about 200  C for a minimum of 2 h.
6. A further cleaning step was carried out using plasma ashing with oxygen for
approximately 10 min. This step helps to create a hydrophilic surface to promote
surface adhesion. A resist was applied immediately after the plasma treatment,
in accordance with recommendations.
Spin coating
To attain an SU-8 film thickness of approximately 40 µm, the following optimised
spinning regime was conducted:
1. The SU-8 was spin coated at 500 rpm for 10 s at an acceleration of 100 rpms 1,
so as to spread and coat the entire sample;
2. To reach the desired film thickness values, the highly viscous SU-8 3000 was spun
at 4100 rpm for 40 s at an acceleration of 300 rpms 1.
Pre-exposure baking
The aim of this step is to evaporate the remaining solvent in the spin-coated SU-8 film.
The evaporation should be conducted in such a way as to maintain the lowest possible
mechanical stress, so as to prevent the generation of cracks or detachment of the film
from the substrate. The optimised baking regime used in this study was conducted as
follows:
1. The sample was first heated at 65  C for 2 min;
2. The temperature was then increased to 95  C for 2 h for SU-8 3000;which is quite
a long period of time at this stage. The evaporation of the solvent was slow. This
long treatment time may be ascribed to the fact that the additives in the new
formula may lead to a reduction in the solvent evaporation rate.
The same preparation steps were followed for SU-8 2000 except that the soft-
baking time was shorter (15 min at 95  C).
It was noted that SU-8 3000 is not as e↵ective as SU-8 2000 as regards realisation of
HAR structures. Thus, the SU-8 3000 was used simply as an adhesion promoter in this
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study. The SU-8 3000 was diluted and a layer as thin as 1.5 µm was achieved. The
spin coating steps discussed in the preceding sections were applied.
4.2.3 Sample NCA substrate preparation
The first step in preparing a sample for the fabrication of the NCA structure produced
in this study was the printing of Au electrodes for the dielectrophoresis (DEP) process.
A set of electrodes was printed on a glass microscopic substrate using UV lithography
(UVL). This process is summarised in the schematic diagram shown in Fig.4.5. A thin
titanium (Ti) layer of approximately 20 nm thickness was sputtered on the glass slide.
This was followed by an approximately 100 nm Au layer, with the Ti being used here
to promote Au/glass adhesion.
Figure 4.5: NCA sample preparation, including sputtering of Au electrodes on
glass substrate and SU-8 application: (a) The glass substrate is coated with 1 µm
of a lift o↵ negative resist (ma-1407); (b) the coated substrate is irradiated with
UV light to transfer the electrode pattern onto the ma-1407; (c) the un-irradiated
area is removed using ma-1407 developer; (d) the electrode pattern is sputtered
with Ti and then Au; (e) a clean substrate with an Au electrode is obtained
following stripping of the remaining ma-1407; and (f) the substrate obtained in
(e) is coated with an approximately 1.5 µm-thick SU-8-3000 layer followed by a
SU-8 2000 layer of approximately 40 µm thickness.
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4.3 PBW of 3D-Microstructures for Microfluidics
and MEMS applications
4.3.1 3D-Microstructures
The microstructures suggested for fabrication using PBW were for microfluidic and
MEMS applications. The microfluidics structures are Neurone Cell Arrays (NCA)
and Capillary Micro-pumps (CMP). The NCA structure is integrated with arrays of
electrodes, as illustrated in Fig.4.6a. This structure is dedicated to study the electrical
behaviour of neural network. The CMP structure consists of cylindrical pillars arranged
with di↵erent sizes, as shown in Fig.4.6b. This devise is used to deliver a certain amount
of a liquid in a certain time using capillary phenomena.
Microcompartment 
Microchannel 
(a) NCA
45µm
500µm
500µm
(b) CMP
Figure 4.6: Schematic diagram of NCA and CMP structures.
The structure suggested for MEMS application was RF-MEMS switch. This structure
is primarily composed of a movable cantilever. The cantilever is anchored on a coplanar
waveguide (CPW), and the CPW lines were designed to transmit radio frequency (RF)
signals. Concurrently, CPW lines functioned as electrodes with di↵erent polarities to
actuate the cantilever beam. The CPW-integrated MEMS switch setup is illustrated
in Fig.4.7.
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Cantilever actuated 
beam  
Actuation electrode 
Cantilever Anchor 
CPW lines (electrode) 
(a) MEMS switch-vertical type
Cantilever Anchor 
Cantilever actuated 
beam  
Actuation electrode 
CPW lines (electrode) 
(b) MEMS switch-horizontal type
Figure 4.7: Cantilever-based MEMS switch.
It was proposed that two types of MEMS switch be fabricated using PBW. The major
di↵erence between the two types from PBW fabrication point view is explained in
Section 4.6.2.
4.4 Instrumentation of PBW system
4.4.1 Accelerator
The layout of the 2MV Tandetron Accelerator of High Voltage Engineering Europe
(HVEE), which is installed at the Stephens Laboratory of the Ion Beam Centre (IBC),
Surrey University, is shown in Fig.4.8. The duoplasmatron source provides negatively
charged ions for injection into the accelerator. The negative ions are extracted by ap-
plying extraction voltage (20 kV) and are then passed through the primary focusing
stage using Einzel lenses. These ions are subjected to filtration by an analysing magnet
to facilitate the selection of ions with uniform mass and energy (i.e, ions with a certain
charge-to-mass (e/m) ratio). The filtered ions are then injected into the tandem ac-
celerator, where the negative ions are subjected to acceleration in the first half of the
tandem and then passed through a stripper gas (nitrogen) for conversion to positive
ions (protons). This is achieved by stripping the ions of some of their electrons. In the
second half of the tandem accelerator, the protons are accelerated from the terminal
voltage to the ground potential. The accelerated protons are then directed magneti-
cally (usin switching magnet) along di↵erent lines and the PBW is conducted on the
microbeam line (10 ). The microbeam line is equipped with various devices, such as
object slits for beam-size definition, blanker to steer the beam away from the sample
when required, and Oxford triplet lenses provided by to focus the beam. The beam
current is monitored along the microbeam line by means of a so-called Faraday cup
(FC).
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4.4.2 Beam focusing
The focusing system is comprised of Oxford triplet lenses (OM150) provided by Oxford
Microbeam Ltd. The lenses are installed at a distance of 6.3 m and 16 cm from the
object and image plane, respectively. This arrangement enables the p-beam to focus
on the focal plane with 74 and 22 demagnification in the horizontal and vertical planes,
respectively. A p-beam spot size of approximately 1 µm ⇥ 1 µm can be routinely
achieved.
The beam size plays a vital role in the resolution of the written structure. Therefore,
care should be taken to select the desired beam size. The beam size is first shaped by
slits positioned on the beam line. The beam is pre-focused and monitored on quartz
before being directed to a copper (Cu) grid. The Cu grid as a resolution standard has
an inter-bar spacing of 25 µm and is 2 µm thick and 5 µm wide. The grid is scanned by a
p-beam to create an elemental map utilisng the proton-induced X-ray emission (PIXE)
technique. Once a good-quality PIXE image was obtained, as shown in Fig.4.9a, the
grids were scanned in the X and Y directions (L-shaped scanning mode). Two peaks
were generated by the X-ray count from the horizontal and vertical bars at the edge,
as shown in Fig.4.9b, and the full width at half maximum (FWHM) for both profiles
was measured in directions X and Y. The resolution obtained in the current work was
approximately 1 µm ⇥1 µm.
(a) (b)
Figure 4.9: Determination of beam spot size using PIXE elemental map of Cu
grid. (a) Elemental map (PIXE image) of Cu grid and (b) horizontal and vertical
beam profiles on grid.
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4.4.3 Beam scanning
The focused p-beam is scanned over the resists using a magnetic scanning system.
A set of magnetic scan coils is installed in the upstream Oxford triplet lenses. The
magnetic coils are controlled by the scanning software and a scanning controller unit
Oxford Microbeams OM1010e. In this study, two types of scanning software were used
to control these processes, namely, OMDAQ2007 and ionscan. The scanning system
setup and operation are illustrated in the schematic diagram in Fig.4.10. The scanning
system controls the dose delivered to a sample and steers and blanks the beam when
required.
Target ChamberTriplet Oxford 
lenses Magnetic 
scanner
Aperture
 slits
Beam
 blankerObject slits
Scan
Amplifier
Blank
Amplifier
X-scan Y-scan
Ionscan
PC
Scan 
controller
Interface
unit
Figure 4.10: Scanning system installed on microbeam line for PBW.
4.4.4 Beam blanker
In high-density and high-resolution microstructures, it is vital to deflect the ion beam
away from the target when no exposure is required. Blanking the beam between ex-
posed points significantly improves the written structure quality (see Fig.3.2). The
beam blanker is installed on the upstream object slits to deflect the p-beam away from
the sample, according to the trigger signal sent from the scanning system. The blanker
consists of two plates supplied by a fast voltage generator (DEI-PVX-4140 500V Pulse
Generator). The voltage generator charges the blanker plates as soon as it is triggered
by an external signal from the scanning system, i.e., ionscan or OMDAQ. The beam
blanker and control-signal setup are illustrated in Fig.4.10.
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4.4.5 Exposure chamber
The irradiation or microfabrication process using PBW is conducted in the exposure
chamber. The chamber is the end point of the microbeam line and is typically vacu-
umed to a pressure of about 10 6 torr. Further, the exposure chamber is provided with
Rutherford-backscattering-spectrometry (RBS),PIXE, and channel electron multiplier
(CEM) secondary electron detectors. These detectors are connected to scanning soft-
ware used to control the p-beam dose delivered to the sample. In the current study,
RBS detector was used for dose normalisation. The chamber includes a computer-
controlled XYZ sample stage that is electrically connected to the target sample, but
isolated from the chamber. Therefore, the beam current bombarding the sample is di-
rectly measured from the sample holder. The sample stage includes a reference sample
for detector calibration (lead glass standard) and for beam focusing such as phosphor
screen (YAG(Ce)), quartz for coarse focusing, and a copper grid for fine focusing.
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4.5 Proton beam writing (PBW)
The PBW exposure experiments described in this work were conducted at the Surrey
Ion Beam Centre (IBC), Surrey University. The experiments included the fabrication
of three-dimensional (3D) structures, NCA, CMP, and MEMS switches. In PBW, there
are certain important steps that should be followed to realise a good-quality structure.
These steps are explained in the following sections.
4.5.1 Proton beam fluence (dose)
The amount of p-beam energy deposited in a resist is usually evaluated based on the
amount of charge, which is interchangeably referred to as the p-beam fluence or dose.
The imparted energy can be expressed in units of nC/mm2 or ions/cm2 and one can be
simply converted to the other using
Dose(nC/mm2) = Dose(ions/cm2) · 1.6022⇥ 10 19 ⇥ 107 (4.2)
The microstructure should receive accurate p-beam fluences in order to produce a
structure that is mechanically stable and has high resolution. The dose for writing into
SU-8 and PMMA are optimised and discussed in detail in the chapter 5.
4.5.2 Dose normalisation
To ensure that the microstructure has received a su cient and accurate dose, normali-
sation must be conducted prior to each exposure. The di↵erent signals (e.g., scattered
particles, X-rays) that are generated by bombarding the sample with a number of
protons over a period of time can be used to perform this normalisation. Here, the
normalisation aims to establish a relationship between the particles that hit a sample
and the measured charge.
In the present work, the RBS signal, which is based on backscattered protons, was
employed. This method utilises protons (typically in the energy range 1 to 3 MeV) to
bombard a target, whilst the energies and the number of the backscattered ions are
measured by a specific detector, surface barrier detector [151]. In dose normalisation
using this method, the RBS spectrum is collected from the sample (e.g., SU-8). The
collected spectrum is then fit using OMDAQ software [152]. The required information
on the calibration p-beam dose can be extracted from this fitting, such as the count
(area under the spectrum) and the charge solid angle product. This information is
then entered into the scan software to deliver an accurate dose. Here, ionscan and
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OMDAQ were used for PBW. In ionscan, the sample calibration data is entered into
the calibration window to allow calculation of the normalised number that ionscan
utilises to deliver the desired dose. This number is calculated in accordance with
N =
DS2PC
0.1602R2F
(4.3)
where N is the normalisation number (counts), D is the desired dose (nC/mm2). S is
the scan size (µm2), P is the number of points in the scanned figure in pixels, R is the
resolution of the scanned figure in pixels, ⌦ is the RBS detector solid angle in (msr),
C is the calibration count(Counts), and F is the fit to the RBS (ions.sr).
Ionscan has di↵erent normalisation modes to deliver the required dose to the irradi-
ated sample [74]. Here, the figure and preset normalisation modes were used. The
figure-scanning normalisation method obtains the required dose by scanning the entire
pattern, including blank areas, and automatically stopping the scanning and divert-
ing the beam away from the sample when the pre-defined dose is delivered. Another
method of providing the delivery dose is the preset scanning mode. This method al-
lows the user to control the number of scanning times (scanning loops). Increasing the
number of loops can enhance the written structure surface texture. This method re-
quires the user to calculate the exposure time in accordance with the beam current and
desired dose. In the present work, the beam current was quite low, at approximately
10 pA, because of the need for slow scanning. The dwell time of the beam for each
pixel ranged from 2 to 3 ms. This method was also used though OMDAQ to deliver
the correct dose. The beam current could be calculated by primarily considering the
dwell time and number of scanning loops, such that
I =
D ·P ·S2
Texp ·R2 ·L (4.4)
where I is the beam current, D is the desired dose (nC/mm2), P is the number of
exposed pixels, S is the scan area, Texp is the exposure time, L is the number of scan
loops, and R is the pattern resolution.
4.5.3 Scanning strategy
An exposed structure with accurate fluence is important, but it is not the only factor
that a↵ects the quality of the written structure. The method used to sweep the beam
over the resists plays a significant role in improving the structure quality. The p-beam,
as a charged particle, is deflected by a magnetic or electrostatic force. By structuring a
complex or arbitrary structure that includes features arranged in di↵erent orientations
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or inclinations, these scanning methods may generate significant artefacts in the devel-
oped pattern. This is because, in raster scanning, for example, the scanning involves
a curved structure like the letter S shown in Fig.4.11, and the beam is magnetically
or electrostatically forced to change its direction frequently and successively. Large
changes in scanning direction, as shown in Fig. 4.11, generate inductive transients in
coils (the magnetic scanning system) or capacitive transients in plates (the electrostatic
scanning system). In this case, the beam experiences significant errors in re-positioning.
Consequently, the points where the beam could experience large changes in its direc-
tion (e.g. black circles in Fig. 4.11) are prone to certain structural artefacts as a result
of over- or under-exposure. Slow scanning, which allows the coils or plates time to
respond precisely so that the beam is deflected to the correct position, is one of the
feasible solutions to this problem. However, the exposure time is increased in this case,
which is undesirable.
Figure 4.11: Raster scanning of a curved pattern (S letter).
Another means of minimising these kinds of geometrical defects within an acceptable
exposure time is by sweeping the beam in a pathway along the contours (parallel to the
edges) of the structure. Two algorithms based on outline scanning were used to scan
the microstructures fabricated in the current work: ionscan, developed by Bettiol et
al. [74], and the edge-following algorithm, EFA-OMDAQ, written by developed in our
group. Both outlining scanning algorithms are illustrated in Fig. 4.12. It can be seen
that the points where large changes in beam direction occur have been significantly
reduced. Thus, the artefacts that usually result from raster scanning are minimised in
the developed pattern.
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(a) EFA (b) Ionscan
Figure 4.12: P-beam sweeping over resists: (a) outline scanning using EFA
built in OMDAQ and (b) outline scanning using ionscan.
Despite the advantages of using outline scanning in minimising surface artefacts, the
scanned pattern resolution could be compromised. This degrading in the spatial resolu-
tion can be ascribed to the sample stage being susceptible to fluctuation (e.g. mechan-
ical vibration). This e↵ect can be serious in fabricating high-resolution structures (e.g.
nanofeatures). Furthermore, scanning a pattern with multiple-loop can deteriorate the
resolution even more [10]. Therefore, a stable sample holder is vital to benefit from
the promising features of outline scanning.
The two algorithms used to scan structures are discussed in detail in the following
sections.
4.5.4 Ionscan
The scanning method adopted in ionscan is based on the turtle algorithm. The beam is
scanned over a pattern in a vector graphic following the outline of the shape and then
moves inwards. Scanning the structure in this way enhances the written pattern quality.
At present, this mode is only valid for the scanning of basic shapes (squares, circles,
and rectangles). Therefore, a combination of these primitive shapes is required to build
a complex pattern. To scan the letter S,for example, using the ionscan algorithm, the
shape must be constructed from a combination of a number of rectangular shapes, and
the written S must be in a form identical to that shown in Fig.4.12b. It is apparent that
this method is limited, time consuming and it is not possible to write shapes as desired.
The NCA microfluidic structure devices discussed in this study were fabricated using
ionscan. The NCA were composed of 24 channels in vertical and horizontal orientations,
which required the design of 48 rectangular shapes for the channel walls. The input
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pattern was written in emc format and was then converted to .epl , so that it was
readable by the ionscan software.
Rectangles can be scanned in two ways using the ionscan package, RREC (raster) and
SREC (outline), as shown in Fig.4.13. The channel walls of the NCA structures were
scanned in SREC mode, as illustrated in Fig.4.14. The horizontal channel walls (1, 4,
5, and 8) were scanned first, followed by the vertical walls (2, 3, 6, and 7).
(a) (b)
Figure 4.13: Rectangular shape scanning options in ionscan, including raster
(RREC) and outline (SREC) scanning.
Figure 4.14: The method of scanning p-beam over SU-8 resist for NCA structure
using ionscan.
4.5.5 Edge-following algorithm (EFA)-OMDAQ
The use of ionscan for the construction and scanning of a complex pattern is a time-
consuming process. In addition, it is limited to the scanning of patterns that are
composited from basic shapes; that is, it is unable to structure a curved feature. There-
fore, there is an obvious need for a new algorithm that can write a microstructure with
good quality in a short exposure time, and that has the flexibility to scan irregular (or
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curved) shapes. EFA is a new PBW scanning method that is introduced in this work
for the first time. The new algorithm can scan the p-beam over an irregular pattern
and enhance the quality of the developed structure. EFA is considered to be a fairly
simple algorithm compared to the existing EFA methods [153,154]. This algorithm can
be easily incorporated into a software package and it is operated within the OMDAQ
software package. The schematic diagram in Fig.4.15 clarifies the manner in which
the EFA algorithm tracing the pattern outline. The algorithm reads the input image,
generates its contours (the blue dotted line), and stores the result. This outline is con-
structed based on a sequence of searching loops. The searching loop starts, for example,
in a circular manner to find the first pixel in the loop where it goes from previously
exposed (the red circle at the beginning of the shape outline) to unexposed (the green
circle), and then passes through each of the neighbouring pixels. The current point is
marked as a visited location (i.e. an exposed point).
Figure 4.15: EFA input image scanning operation. The red points are the
starting points for each of the search loops (black arrows). The green points are
chosen as the nearest neighbouring points to the red points, and the generated
shape contour is represented by the blue dotted line (courtesy of Dr. Geo↵rey
Grime).
This EFA was employed e↵ectively to sweep the p-beam over the resists used to produce
the NCA, CMP, and the MEMS switches. The scanned patterns exhibited enhance-
ments in wall smoothness and edge sharpness, as will be discussed in detail in the
chapter 6. The manner in which the EFA algorithm sweeps the p-beam over the NCA
pattern is shown as an example in Fig.4.16. The number of scanned shapes was reduced
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by almost 50% compared to the ionscan result. This implies that the number of points
where the beam is blanked was reduced.
Another appealing feature of EFA is that no special protocol must be followed when
the input pattern is written, as is the case with ionscan. Complex structures with
high-density shapes can be simply designed in bitmap format.
Figure 4.16: The method of scanning p-beam over SU-8 resist for NCA structure
using EFA.
4.6 Exposure Strategy
One of main features of PBW is the fabrication of 3D structures. The p-beam pen-
etrates resists with well-defined ranges in accordance with its energy. The exposure
method used to write the 3D structure written in present work (i.e buried channels
and overhanging structures) is explained in the following sections.
4.6.1 3D microchannels
In this work, the buried channels were fabricated in SU-8 via the application of multi-
exposure at di↵erent p-beam energies. The energies were determined according to the
SU-8 thickness using stopping and range of ions in matter (SRIM) [40] calculations,
as shown in Fig.4.17. The enclosed channels were fabricated for a range of SU-8
thicknesses, from 40 to 65 µm. A 2.5 MeV beam energy was required for the fabrication
of the channel walls, followed by low energy treatment of 0.75 MeV. In some written
channels, 1 MeV was also used.
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(a) (b)
Figure 4.17: SRIM calculations for di↵erent p-beam energies (2.5 and 0.75
MeV) used for buried channel fabrication in 40 µm thick SU-8.
In Fig.4.18, the schematic diagram summarises the exposure strategy applied in the
fabrication of a 3D microchannel (i.e., a buried channel). It is vital that the two
energies are overlapped in order to achieve a robust and reliable 3D-strucutre. The
overlapping area is marked as a black dotted rectangle in Fig.4.18a. The developed
buried channel is schematically represented in Fig.4.18b.
(a) (b)
Figure 4.18: Multi-exposure strategy used in buried channel fabrication in SU-8.
4.6.2 Overhanging structures
The overhanging structure considered in this study was a cantilever, which has one free
end and constitutes an active component in a MEMS switch. The same fabrication
strategy as that used to structure the buried channels was applied in the cantilever fab-
rication. Two types of cantilevers were produced for the MEMS switches, with vertical
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and horizontal beams. The horizontal cantilever beam type, as shown in Fig.4.19a, is
the most commonly used form in literature. Note that the cantilever thickness is an
important factor a↵ecting the functionality of cantilever-based applications. In this
cantilever type, it is not trivial to achieve a thin cantilever beam using the PBW. This
is because the p-beam energy required to penetrate SU-8 to a shallow depth is quite
low and the transportation of such a low energy in a long beam line is, to some extent,
a di cult and time-consuming process. Therefore, the vertical cantilever beam, shown
in Fig.4.19b, has been suggested as a means of circumventing this di culty. To produce
this cantilever type, a high p-beam energy of 1 MeV or greater can be used, which is
easy to transport. As the thickness of the cantilever beam in this case is independent
of the p-beam energy, the user can easily draw any thickness in the input file.
(a) (b)
Figure 4.19: Overhanging structure types (cantilevers) that can potentially
be fabricated using PBW. 3D view of (a) horizontal and (b)vertical cantilever
fabricated in SU-8.
For SU-8 film of 40 µm thick, p-beam energies of 2.5 MeV were used to fabricate the
cantilever anchor for both types. In the horizontal type, a p-beam energy of 0.75 MeV
was used to structure the cantilever beam and the thickness in this case was approxi-
mately 18 µm, according to the SRIM calculations. In the vertical type, the cantilever
beam was written using p-beam energy of 1 MeV.
4.7 Characterisation of SU-8/AgNPs
4.7.1 Mechanical properties
The mechanical properties of the cantilever used in a MEMS switch has a significant
impact on its operating process and performance. For example, a flexible cantilever
63
beam can be actuated with low voltage. To provide the cantilever fabricated in this
study with greater flexibility, it was fabricated in a the polymeric composite (SU-
8/AgNP). Further, note that the electrostatic force required for the actuation of a
cantilever is dependent on the cantilever geometry and the mechanical properties of its
material. The mechanical properties of SU-8 irradiated using PBW vary in accordance
with the p-beam fluence. Therefore, it was necessary to investigate the mechanical
properties of SU-8 and SU-8/AgNP polymer at various p-beam doses. Both SU-8
formulas were irradiated with a set of p-beam doses ranging from 5 to 50 nC/mm2. The
purpose of this investigation was to obtain the optimal flexibility for the production of
a reliable and stable cantilever with as low an actuation voltage as possible. The nano-
indentation method was used to measure the mechanical properties of the exposed
specimens.
Nano-indentation of irradiated SU-8 and SU-8/AgNPs
A total of 15 SU-8/AgNP and pure SU-8 irradiated specimens were indented using a
nano-indenter (similar to the illustration in Fig.4.20). This experiment was carried out
at the Department of Materials Science Metallurgy (Micromaterials Nanoindenter),
Cambridge University. The specimen surfaces were indented with 40 points that were
distributed evenly over the entire surface area (500 µm2). Reading of the indentation
points at di↵erent locations was also used as an indicator of the filler nano-particle
distribution. The depth of the of indentation into the surface of specimens under test
was approximately 2 µm.
Figure 4.20: Schematic diagram illustration nano-indentation setup for mea-
surement of irradiated SU-8 and SU-8/AgNP mechanical properties [155].
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The mechanical parameters obtained from the indentation, in addition to the indenter
tip specifications, were used to calculate a reduced E in accordance with
1
Eeff
=
1  v2
E
+
1  v20
E0
(4.5)
where Eeff is the e↵ective elastic modulus, v is the Poissons ratio of the specimen
(SU-8), and E0 and v0 are the Youngs modulus and Poissons ratio of the indenter,
respectively. The calculated Eeff was obtained in order to correct the measured Eeff ,
taking into account the deformation that may occur in the indenter.
4.7.2 Electrical conductivity
The electrical conductivity of a mixture of 15 vol% AgNP was measured using the
two-point probe method. The electrical conductivity was measured from the I-V mea-
surements, which were performed using a Keithley 4200-SCS Parameter Analyser. The
measured specimen had dimensions of 10 µm thicnkess and an area of 500 µm ⇥ 500 µm
coated over interdigitated electrodes, as shown in Fig.4.21. The Fig.4.21a shows spec-
imens irradiated with a range of p-beam doses (10 to 50 nC/mm2).
(a) (b)
Figure 4.21: (a) Optical image of nanocomposite located over interdigitated
electrodes for conductive measurement, with di↵erent irradiation doses (inset is
image of the interlocked electrode), and (b) magnification of two-point probe
measurement experimental setup.
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Chapter 5
Optimisation of PBW
The aim of this chapter is to explain the optimal process and parameters for patterning
using proton beam writing (PBW). The optimisation process includes preparation of
the resist samples, sample exposure, and post-exposure processing.
5.1 Improving Written Structure Adhesion
The poor adhesion of the structures written in SU-8 2000 on glass was resolved through
the use of the SU-8 3000 formula. Previously, the structures were washed away during
wet etching, as can be seen in Fig.5.1.
Figure 5.1: Poor adhesion of some neuron cell array (NCA) structures written
using PBW on glass substrate treated with the adhesion promotor hexamethyld-
isilazane (HMDS).
The structures written in the new formula (SU-8 3000) showed significant improvements
in the adhesion on the glass. However, although there were improvements in terms
of adhesion, this formula exhibited poor resolution (Fig.6.11a). To circumvent this
problem, the SU-8 3000 was used primarily as an adhesion promoter, while the main
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structure layer was SU-8 2000. The SU-8 2000 has a high aspect ratio (10:1) compared
with SU-8 3000 (5:1) [136]. A thin layer of SU-8 3000 (approximately 1.5 µm thick)
was applied to the substrate, followed by an SU-8 2000 layer of approximately 40 to
65 µm thick. The structures written in SU-8 2000 exhibited good resolution (Fig.
6.11b)compared to their SU-8 3000 counterparts.
(a) (b)
Figure 5.2: SEM micrographs illustrating resolutions of microchannels fabri-
cated in (a) SU-8 3000 (poor resolution) and (b) SU-8 2000 (good resolution)
with a thin layer of SU-8 3000 as an adhesion promoter.
5.2 Optimal p-beam doses
Delivering the correct p-beam dose to the resist is vital to fabricate good-quality mi-
crostructures. This section is devoted to establishing the optimal doses for the fab-
rication of microfeatures with the good quality (e.g., straight walls and sharp edges)
and also mechanical stability. The optimal doses can be defined as those that yield
full scission (positive resist) or cross-linking (negative resist) and then produce mi-
crofeatures with sharp edges and low roughness. In these experiments, the range of
p-beam doses for the structuring of poly(methyl methacrylate) (PMMA), SU-8, and
the nanocompoiste SU-8/AgNP were investigated.
5.2.1 PBW in PMMA
A p-beam with an energy of 2.5 MeV focused down to approximately 1 µm ⇥ 1 µm was
used to irradiate PMMA samples. The measured beam current was around 40 pA. A
range of doses, spanning 50 to 500 nC/mm2 was applied. At this p-beam energy, the
PMMA resist had low sensitivity for doses lower than 100 nC/mm2. An example of
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this low dose is illustrated in Fig.5.3a. In this case, the scission interaction process was
incomplete and, therefore, the irritated shapes exhibited insolubility in the developer.
Increasing the dosage to approximately 70 nC/mm2 led to improvement in the scission
process, such that the fabricated shapes were more prominently revealed in the chemical
developer. However, this dose was still inadequate, because some parts of the irradiated
shapes were underdeveloped, as shown in Fig.5.3b.
(a) (b)
Figure 5.3: SEM images of basic shapes written in PMMA with p-beam doses
of (a) 50 nC/mm2 and (b) 70 nC/mm2.
The scission was significantly improved when doses from 100 to 200 nC/mm2 were used
and, therefore, the irradiated shapes were completely developed. Fig.5.4 shows an
example of a microstructure written in PMMA and with p-beam dose of 100 nC/mm2.
Figure 5.4: SEM image of a circular micro-well fabricated on PMMA using
p-beam doses of 100 nC/mm2 at 2.5 MeV.
Microstructure irradiation with doses higher than 200 nC/mm2 resulted in deterioration
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of the micro-feature resolution. The SEM images in Fig.5.5 show artistic patterns
written using 200 and 300 nC/mm2 doses, respectively.
(a) (b)
Figure 5.5: SEM images of artistic pattern written in PMMA with p-beam
doses of (a) 200 and (b) 250 nC/mm2.
The resolution of the artistic pattern shown in Fig.5.5b appears poor compared to that
in Fig.5.5a. For example, the trenches which irradiated with a 200 nC/mm2 dose, were
almost the same size as those in the input file. However, the trench resolution at the
higher dose (250 nC/mm2) were deteriorated.
As discussed in the literature review, the optimal doses with which to fabricate mi-
crostructures from PMMA were found to range from 60 to 100 nC/mm2 at 2 MeV
beam energy. For a p-beam of 3 MeV, the most favourable doses ranged from 250 to
500 nC/mm2 [62]. In this work, it was concluded that the optimal doses spanned from
100 to 200 nC/mm2 for a p-beam energy of 2.5 MeV.
5.2.2 PBW in SU-8
The correct doses required to write a good-quality pattern into SU-8 were investigated
using a 2.5 MeV p-beam focused down to approximately 1 µm ⇥ 1 µm. The measured
beam current was approximately 40 pA. To determine the optimum dose, the SU-8
was irradiated with doses ranging from 5 to 150 nC/mm2. Based on the developed
structures, the applied doses can be categorised into three groups: low dose, including
doses less than 15 nC/mm2; optimal dose, comprising doses from 20 to 40 nC/mm2;
and overdoses, which are greater than 40 nC/mm2. These dose groups are discussed in
the following sections.
The SEM micrographs in Fig.5.6 show rings written in SU-8 using 5 and 10 nC/mm2
doses, which were classified as ‘low’. The fabricated structures were mechanically
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unstable, causing some ring walls to collapse. This can be explained by the fact that
this dose category initiated insu cient cross-linking. Improvement of the stability of
the SU-8 structure can be achieved by increasing the cross-linking density [132]. When
the dose was increased to 10 nC/mm2, slight improvements were observed compared
to those irritated with 5 nC/mm2 and shown in Fig.5.6a, as some outer ring walls
remained intact (Fig.5.6b). Nonetheless, this structure remained vulnerable and some
walls exhibited some deformation.
(a) (b)
Figure 5.6: SEM image of rings written in SU-8 by a 2.5 MeV p-beam at (a) 5
and (b) 10 nC/mm2 doses.
Note that a dose of 10 nC/mm2 remains valid if the microstructure is designed to have
thicker microfeatures or mechanical support, as in the interlocked structure shown in
Fig.5.7.
Figure 5.7: SEM image of an PBW-written interlocked microstructure in SU-8
with 10 nC/mm2.
The p-beam dose group from 20 to 40 nC/mm2 has been identified as the optimum
doses, because both the quality and mechanical stability of the fabricated structures
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were found to be significantly improved over the other groups. Fig.5.8 shows an example
of a structure irradiated with a 30 nC/mm2 dose. The ring walls were mechanically
stable and the dimensions were almost dentical to the input pattern. For example, the
wall thickness in the input file was 5 µm and the written walls exhibited approximately
the same thickness. In contrast to low doses, the optimal doses initiated su cient
cross-linking, which guaranteed mechanical stability.
(a) (b)
Figure 5.8: SEM images of rings written in SU-8 by a 2.5 MeV p-beam with a
dose of 30 nC/mm2.
If the cross-linking density exceeds the optimal limit, structure swelling is caused.
Furthermore, mechanical stress is more likely to occur with high-density cross-linking.
This has been observed in structures written with doses higher than 40 nC/mm2, i.e.,
overdoses. Fig.5.9 shows a microstructure written in SU-8 using 50 and 100 nC/mm2
doses.
(a) (b)
Figure 5.9: SEM images of microstructures written in SU-8 by a 2.5 MeV p-
beam doses at (a) 50 nC/mm2 and (b) 100 nC/mm2.
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It can be seen that the written structure resolution deteriorated in this cases. The
edges of the written microstructures were swollen (shown in Fig.5.9a) and were less
defined than those of the microstructure irradiated by 30 nC/mm2. The higher cross-
linking density is responsible for the deterioration of the edge sharpness. The same
e↵ects were observed in the pattern fabricated through application of a 100 nC/mm2
dose (see Fig. 5.9b). As explained previously, the higher cross-linking resulting from
overdoses may compromise the SU-8 adhesion on some substrates. This e↵ect can be
clearly observed in pillars irradiated under overdose conditions, as shown in Fig.5.10.
Figure 5.10: SEM image illustrating detachment of SU-8 micros-pillars from
substrate. These PBW-written pillars were irradiated with a 50 nC/mm2 dose.
The detachment of the SU-8 at the SU-8/substrate interface resulted from the stress
generated by the increased cross-linking density. However, there are other factors that
may contribute to the generation of mechanical stress in this area, such as pre- and
post-exposure processing, and the type of SU-8 which were discussed in Chapter 4.
5.2.3 PBW of SU-8/AgNP
The optimal irradiation dose of SU-8/AgNP is identical to that for pure SU-8. However,
it was not possible to write a structure in this composite at a depth greater than 15 µm.
The mixture that was first used contained 30 vol% AgNP. To optimise the writing
process for this substance, the filler content was reduced to 25, 20, and then 15 vol%.
Therefore, the optimisation process was based on the reduction of the filler content in
the mixture. Moreover, di↵erent composite-layer thicknesses were investigated in order
to determine the p-beam penetration range in the mixture.
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5.2.3.1 SU-8/AgNPs (100 nm)
This mixture was prepared by mixing SU-8 with AgNPs. This composite was provided
by Gersteltec Sarl under the GCM 3060 tradename. The AgNPs (100 nm in diameter)
were loaded into the SU-8 at approximately 30 vol%. The mixture irradiated under
PBW at this filler percentage exhibited peculiar behaviour, as shown in Fig.5.11a.
During the wet development process, the GCM3060 was found to behave like a powder
and the pattern was washed away. It became obvious that the cross-linking interaction
was shallow. This because that the written pattern was observed during post-exposure
baking (PEB) and at the early stage of chemical developing. The interface area between
the composite and the substrate had not received a su cient irradiation dose. The NPs
appeared to be clustered, which led to screening of the p-beam, preventing it from fully
penetrating the composite film.
It was noticed that a structure patterned using ultraviolet lithography (UVL) was less
a↵ected, as shown in Fig.5.11b. In contrast to the p-beam, the UV, being composed of
photons, was less a↵ected by the physical particles. Thus, the composite was considered
to be transparent to the UV photons to some extent.
(a) (b)
Figure 5.11: Images illustrating interaction of GCM3060 for (a) 30 and (b) 15
vol% AgNP content with UV lithography.
In terms of the p-beam range in the SU-8/AgNP mixture, a rough calculations using
SRIM simulation were performed for GCM3060 of approximately 50 µm thickness. The
silver content were model in the mixture at 30 and 15 %. The results showed that a
beam with energy of 2.5 MeV would traverse only approximately 29 µm of the 30 vol%
AgNPs composite, as shown in Fig.5.12a. However, reducing the filler concentration to
by about 50%, the p-beam at the same energy penetrated the entire mixture thickness,
reaching the substrate, as modelled in Fig.5.12b.
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(a) (b)
Figure 5.12: SRIM calculation of p-beam range in GCM3060 containing (a) 30
vol% and (b) 15 vol% AgNPs content.
This previous interpretation and SRIM calculations were confirmed experimentally
when composites containing AgNP concentrations of 25, 20, and 15 vol% were irra-
diated by p-beams. It was observed that reduction AgNPs contents to about 20 and
25 vol% concentrations led to negligible improvements, with the developed structures
exhibiting no improvement in sustainability during wet etching. In contrast, the com-
posite containing 15 vol% AgNP content exhibited significant improvements and a
microstructure was successfully written.
Thus, further optimisation was conducted for the 15 vol% AgNP composite, with
samples of di↵erent thicknesses being irradiated using 2.5 MeV. The chosen thickness
began at 40 and increased to approximately 100 µm. The p-beam could successfully
penetrate a layer up to 90 µm of the composite, as shown in Fig.5.13.
(a) (b)
Figure 5.13: SEM images of SU-8/AgNP (15 vol%) nanocomposite samples of
various thicknesses irradiated with a p-beam: (a) 40 µm and (b) 90 µm sample
thickness.
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5.2.3.2 SU-8/AgNP (20 nm)
To further improve the geometrical parameters of the structure written in the polymer
nanocomposite (SU-8/AgNP), smaller nanoparticles were used. AgNPs of approxi-
mately 20 nm in size were mixed with SU-8 3000 as a binder, forming a composite
with approximately 15 vol% AgNP concentration. The structures written in this com-
posite exhibited some improvements to their geometry and smoothness (see Chapter
8). For example, the surface roughness was significantly improved compared to that
of composites containing AgNPs with 100 nm. Surface smoothness is a vital factor as
regards microelectromechanical systems (MEMS) applications, and MEMS switches in
particular.
5.3 Scanning method optimisation
5.3.1 Scanning method
The method of sweeping the p-beam employed in the fabrication process has a sig-
nificant impact on the resultant structure quality. The main factors that should be
optimised are the beam sweeping direction relative to the microstructure outline, the
dwell time, the number of scanning loops.
5.3.1.1 P-beam sweeping path
Driving the beam in a track parallel to the structure outline improves the quality of the
developed structure. Two algorithms, ionscan and the edge-following algorithm (EFA),
were utilised to fabricate the microstructures in this work including NCA, CMP, and
RF-MEMS switches, as explained in Chapter 4. The NCA channels, for example, were
designed using the SREC scanning mode (see section 4.5.4). In this case, the beam
was driven in a track parallel to the NCA channel contour. The SEM images shown in
Fig. 5.14 illustrate an NCA channel fabricated using ionscan.
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(a) (b)
Figure 5.14: SEM images of NCA channel written by p-beam sweepet over
SU-8 using the ionscan software.
It can be seen that these channels had well-defined, straight, and smooth walls with
fewer artefacts. In the magnified SEM image shown in Fig.5.14b, it is obvious that the
channel walls exhibited higher smoothness than those obtained using raster scanning,
seen in Fig.5.15.
Figure 5.15: SEM image showing artefacts in a NCA microchannel structured
in SU-8 using raster scanning (the beam is swept in one direction only).
Although the significant improvements to the geometrical properties of the structures
produced using the ionscan method, this technique is limited for the basic shapes and
and time consuming process to design complex pattern. To overcome this problem, an
EFA algorithm was written, which was applied in the current work (explained in the
section 4.5.5). This algorithm produced structures with similar quality to those re-
alised using ionscan. Nevertheless, EFA is superior to previous scan methods in terms
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of the simplicity of the design input pattern and, therefore, the design time is signifi-
cantly reduced. Furthermore, it is possible to obtain a complex, curved structure. For
example, the MEMS switch (Chapter 8), which consists of curved shapes, can be more
easily fabricated using EFA and exhibits minimal defects. Note that the MEMS switch
cannot be designed or scanned using ionscan. Moreover, geometrical irregularities that
could comprise the MEMS switch operation are minimised. To demonstrate the via-
bility of this algorithm, some complex structures were written via PBW in SU-8 using
the EFA method, which are shown in Fig. 5.16.
(a) (b)
Figure 5.16: Images of (a) a stag (Surrey University logo) and (b) cursive
writing patterned in SU-8 using the EFA scanning algorithm.
It is di cult to produce these structures with the same level of quality using raster
scanning. Furthermore, the production of such complex structures using current scan-
ning methods involves di culties regarding input file construction. Also, extremely
slow scanning must be employed, particularly with using magnetic scanning system.
5.3.1.2 Scanning speed
Although improvements were achieved by choosing the appropriate scanning algorithm,
slow scanning was still required. This is because the intrinsic long settling time in
magnetic scan coil. The scan speed is controlled by the dwell time; thus, the e↵ects of
dwell times ranging from 0.5 to 5 ms were examined. It was found that 1 to 2 ms (see
Fig.5.17a) is the most optimal dwell time as regards minimisation of magnetic scan
hysteresis e↵ects. Consequently, some artefacts as that in Fig.5.17b were alleviated.
77
(a) (b)
Figure 5.17: SEM image showing the e↵ect of slow scan in minimising some
art↵acts.
5.3.1.3 Scanning loop
The scanning loop is an important parameter in the scanning process as regards en-
hancement of the written structure quality. The scanning loop can be defined as the
number of times the scan covers the entire structure. Generally, multiple-loop scan-
ning is preferable to single scanning. The use of multiple loops can minimise structural
irregularities that may result from, for, example, magnetic field stray around the beam
line or even beam fluctuation. The overall beam fluctuation is averaged over several
loop scans. It was found that surface smoothness of structures scanned with number
of loops more than 3 have smooth surface.
5.4 Post-exposure process optimisation
The method used to finish the developed pattern of a written structure is as vital as
the lithography process itself. In order to produce a good-quality developed pattern,
specific procedures were employed developing PMMA and SU-8.
5.4.1 Development
5.4.2 PMMA
Number of developers were examined for PMMA processing. The PMMA pattern
developers and development processes are summarised below.
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2Ethoxyethanole Methanol
This developer was prepared by mixing 21 mL of 2-ethoxyethanol and 49 mL of methanol.
The irradiated PMMA was developed by immersing the sample in the solution for
30 s and then washing the solution away with methanol, for approximately 10 s. The
methanol residue was then removed by immersing the sample in isopropanol (IPA).
The developed sample was then rinse in deionised (DI) water to remove the IPA after
which the sample was dried gently. The development time can be changed according
to the radiation dose. Low doses should be developed longer in this solution. It was
found that the optimal time was 20 to 30 s for doses of 100 and 200 nC/mm2.
Methyl isobutyl ketone (MIBK)/IPA
Two concentrations of a methyl isobutyl ketone (MIBK)/IPA developer were examined
(1:3 and 1:7). This investigation confirmed that a MIPK:IPA ratio of 1:3 yielded a
good-quality pattern at a dose of 200 nC/mm2. The PMMA sample was developed for
4, 2, and 1 min for doses of 100, 200, and 300 nC/mm2, respectively. The developed
samples were washed in IPA for 30 s, and then in deionised (DI) water to remove the
IPA. The sample was then dried gently.
IPA/WATER
An IPA/water developer was prepared in concentrations of 7:3 and 12:3, with the
former being more suitable for development of the written structure. This developer
can be considered as safe for use with irradiated PMMA. It is weaker than MIBK and,
therefore, it is easier to control the development process in comparison to procedures
using the developers described above. The written patterns were developed by dipping
the sample in this solution for 3 to4 min with mild agitation, before the sample was
washed with DI water and dried.
5.4.3 SU-8
The structures written in SU-8 were developed using two main developer, 2-methoxy-
1-propyl acetate. This developer was also used to reveal the written structure in the
pure SU-8 and the conductive nanocomposite, where the SU-8 was the host matrix.
The optimum development process was in good agreement with that recommended by
the manufacturer (MicroChem Corp.).
In some structures, it was di cult to remove certain residuals with the SU-8 developer,
for example, in the case of SU-8 3000 or nanocomposites. In such cases, plasma ashing
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was used for further development. The plasma was employed at 70% power and the
ashing time ranged from 3 to 5 min, depending on the residual content. The specific
ashing time did not appear to have a significant e↵ect on the surface roughness.
5.4.4 Overhanging structures
The overhanging structures required special treatment, as they includes a free-ended
part that are prone to be easily broken during developing. The steps of the development
process are summarised below.
1. The substrate was placed in an upright position in the developer. In this case,
the development was dependent on the force of gravity only in order to remove
the un-irradiated area without agitation;
2. The developed sample was then rinsed in IPA, followed by DI water.
3. Some structures were further cleaned via plasma treatment.
It should be noted that these processes may vary depending on the ambient environ-
ment of the development process and the specifics of the SU-8 formula.
5.4.5 Post-baking (PEB)
In the current work, it was found that PEB over a short period of time improved adhe-
sion. The structure shown in Fig.5.18a was developed directly without heat treatment.
(a) (b)
Figure 5.18: SEM images illustrating SU-8 adhesion enhancement on substrate
due to PEB. (a) Micro-wall developed without heat treatment, and (b) the de-
veloped microwall subjected to heat treatment at 65  C for 1 min, followed by
treatment at 95  C for 1 min.
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It can be seen that this pattern detached from the substrate to some extent, which
comprised the functionality of the microstructure. It is worth mentioning that this
issue was observed for a number of structures written in SU-8 2000. However, it was
concluded that heat treatment for a short period of time enhanced the adhesion and
reduced detachment at the SU-8 and substrate interface, as shown in Fig.5.18b. This
pattern was baked for a short time, approximately 1 min, at a temperature of 65  C.
Then, the temperature was increased to 95  C for approximately 1 min.
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Chapter 6
Proton Beam Writing of Neuron
Cell Arrays (NCA)
6.1 Introduction
6.1.1 Single cell analysis
Conventional biological analysis is usually performed on a bulk sample that consists of
a large number of cells. The observed results for a bulk sample represent the average
of the contributions of the cells in the assay. Therefore, analytical information from
such investigations does not constitute a complete picture of the actual physiological
activities occurring between the cells. In a bulk cell culture, some cells may mask
others. This may prevent monitoring of their activities or inhibit the chemical reagents
from reaching all the cells equally. Moreover, it is well known that cells of the same type
can be extremely heterogeneous in terms of some characteristics [156]. Some chemical
interactions occur at a single cell level and over a short timeframe, and are di cult
to sense in a bulk sample. All these factors can contribute to possibly misleading
information. Therefore, the individual analysis of single cells has become a subject of
interest. Single-cell analysis facilitates increased understanding of inter-cell biological
processes [6,7,157–159]. Moreover, the examination of a single cell can supply detailed
information that helps to reveal the mechanisms of certain diseases that are initiated
by a single cell, such as cancer [160].
6.1.2 Microfluidics for single-cell analysis
Single-cell studies require the downscaling of biological samples to micro size (sub
100 µm) for a range of cell sizes. Di↵erent techniques have been developed to manipu-
late cells at this level, such as capillary electrophoresis (CE) [160,161], microelectrodes,
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and microfluidics. Other examples can be found elsewhere [162]. The microfluidic sys-
tem is one of the promising approaches that has been e↵ectively utilised to perform
this kind of biological analysis. High-accuracy measurements can be achieved in a
short period of time as a result of the downscaling of biological samples. In addi-
tion, biological examinations of miniaturised samples require small amounts of chem-
ical reagents and, therefore, less waste is produced. These factors lead to a decrease
in costs. Furthermore, microfluidic systems provide physiological function conditions
that are comparable to in vivo environments [163,164].
6.1.3 Microfluidics applications in neuron science
The nervous system is a topic of interest and e↵orts have been concentrated on solving
the mysteries of this complex system. The nervous system consists of cells, so-called
neurons, that are connected with each other to form a sophisticated neural network.
In the neural network, information flows from a neuron to its neighbours. The iden-
tification and recording of these physiological signals is considered to be the key to
understanding the functionality and mechanisms of this system. Inter-neuron trans-
mission occurs in two ways, via electrophysiological signals and chemical synapses [165]
at the interconnections between axon terminals and dendrites. This process is sum-
marised in Fig. 6.1.
Figure 6.1: Information transmission mechanism in neural network [165].
The creation of a network of cells in vitro provides opportunities to obtain this in-
formation. Several methods have been employed to facilitate such neural network
analysis. One of the most popular analytical methods involves the use of planar micro-
electrode arrays (pMEAs) []. This technique has remained an essential tool for probing
the network response of electrophysiological activity since its initial conception. Con-
sequently, subsequently developed techniques for neural network analysis have been
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based on pMEAs. The construction of a small number of neural networks in an organ-
ised shape simplifies the analysis and increases the detection accuracy of physiological
activity in a neural circuit [166, 167]. E↵orts have been directed towards the pattern-
ing of neurons and neurites (a neurite is a projection from a neuron cell body and
can be either an axon or a dendrite) on a specific network at low density. This has
been achieved on pMEAs using cell adhesive materials (CAMs) [168, 169]. Heller et
al. [170] have used peptide as an adhesive to create a well-organised neural network. A
polydimethylsiloxane (PDMS) stamp was used to print the peptide (this is analogous
to ink in this printing process) on gold (Au) substrate. The authors reported that the
neurons were selectively localised on the printed pattern and the neuritis outgrowth
was guided along the peptide tracks between the cell bodies, leading to the formation
of a neural network. The neural network was not completely isolated from the cells in
the unpatterned area (the regions within the peptide pattern) and the formed network
was not well defined. At the edges of the peptide-functionalised network, some cells
from untreated areas were in contact with the patterned network. Moreover, networks
based on the CAMs method were negatively a↵ected by neurite deviation from the
printed network, resulting from disbanding of the CAMs. Because this issue threatens
the cell lifespan, Baek et al. [171] have suggested a new approach to the promotion of
cell adhesion. However, the isolation of the network from the ambient cells in a culture
remains a challenge [172].
To achieve good isolation with high control over the neural network, a physical bor-
der should be constructed between the neural network and neighbouring areas. To
accomplish this, pMEAs have been integrated with a single-cell-based microfluidic sys-
tem [173, 174]. This system constitutes an important and innovative platform. The
method downscales the neural networks in a well-defined form and facilitates low-cost
investigations into individual cells [175]. To mimic the actual physical process in vivo,
the cell bodies (i.e., soma) are confined within microcompartments and isolated somas
are allowed to form a network through the microchannels. These channels give con-
trol over the outgrowth (neuritis) in a certain direction relative to neighbouring cells.
The modelling of this complex system within a microenvironment and for a particu-
lar arrangement allows the electrophysiological activities to be monitored more easily
and accurately than in the case of a random network in a pMEA chemical pattern.
For example, microchannel geometry enhances recorded signals and the signal-to-noise
ratio [176], and the downscaling of microchannels significantly amplifies single ax-
ons [177, 178]. In long-term analysis, a cell culture is more likely to live longer in a
microfluidic system [174,179].
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6.1.4 Fabrication of a microfluidic-based single cell
Several microfabrication techniques were used to fabricate such microfluidic systems
and some popular methods were explained in Chapter 2. However, some limitations
are experienced in achieving reliable microfluidics. In a study by Jaber et al. [180],
photolithography was used to structure microstructure for a neural network. The
authors claimed that some geometrical defects were observed with the microchannel
and microcompartments having walls with a negative slope. This, as asserted by the
researcher, created regions with a high density electric field during the localisation of
cells. The high electric field might be the reason for the cell damage and death, as
asserted by the researcher.
Another popular fabrication method is soft-lithography. This method is based on the
PDMS polymer and was used widely in microfluidics-biological analysis. However,
PDMS has some drawbacks that may limit the use in some microfluidic applications.
PDMS is mechanically elastic and this makes it di cult to print a high aspect ratio,
the aspect ratio of the microchannels in microfluidics systems [181, 182]. In addition,
PDMS has poor chemical resistance and is, therefore, incompatible with some organic
solvents. It has been claimed in some literatures that the PDMS swelled when it
was in contact with some solvents [183, 184], which are usually used for cleaning the
microfluidics for biological analysis.
Bonding the microfluidic channel is vital to slow the evaporation of the biological me-
dia to provide a safe microenvironment for biological analysis. Fast evaporation of
fluid (e.g. biological media, chemical reagent) in the microchannels causes premature
cell death, especially in a long-term culture assay [185]. However, the current bonding
methods, such as thermal bonding [11,49,55], could pose a serious threat for microflu-
idic systems. The encapsulated microchannels produced by these techniques is highly
prone to geometrical deformation or channel clog. This may result in compromise of
the functionality of the microfluidic system.
In contrast to the current microfabrication technologies [16,186–188], the Proton Beam
Writing (PBW) technique has the ability to pattern a microstructure in three dimen-
sions (3D) with high aspect ratio (HAR), straight and smooth sidewall walls in a single
layer [189] and free from defects [9].
Proton Beam Writing was used to fabricate a microfluidic device for neural network
study at single cell level, named Neuron Cell Arrays (NCA). The NCA structure was
written directly over a set of gold electrodes printed on the glass substrate. These
electrodes are used to position the neuron inside the micro compartments in the NCA
structure. The positioning process of dielectric particles, such as a cell body, using an
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electric field is known as the dielectrophoresis (DEP) phenomena. The DEP electrodes
are also utilised to sense the electrical signal spark when neighbouring neurons contact
and transfer information between each other.
The potential improvements in the written structure and the potential impacts on the
functionality of NCA will be discussed in this chapter. The impact of the geometrical
enhancements were investigated numerically using COMSOL Multiphysics R .
6.1.5 Dielectrophoresis phenomena (DEP)
A non-uniform alternating current (AC) electric field can exert a force on dielectric
particles suspended in a fluid medium. This force can cause particle motion from one
point to another along the gradient of the electric field intensity. The electric field
polarises the particles and the suspending fluid medium. This phenomenon is well
known as dielectrophoresis (DEP). Because the applied electric field is non-uniform,
its density di↵ers between the particle sides. This creates a net force that drives the
particle towards the higher-density electric field. If we consider the fact that the particle
has a spherical shape, the DEP force can be expressed theoretically as
F = 2⇡✏mR
3Re(fcm)r | Erms |2 (6.1)
where R is the particle radius and Re (fcm) is the real part of the Clausius Mossotti
factor, given by
fcm =
h ✏⇤p   ✏⇤m
✏⇤p + 2✏⇤m
i
(6.2)
where ✏⇤p and ✏
⇤
m are the complex permittivity of the particle and the suspending
medium, respectively. The force applied to the particle can be categorised as either
positive (p-DEP) or negative (n-DEP), and is dependent on the particle size and the
dielectric properties of both the particle and the suspending medium [190,191]. These
two forces are graphically presented in Fig. 6.2.
The DEP phenomena has been used widely in microfluidic systems to manipulate
biological particles [192, 193]. In this work, the DEP is used to position neuron cells
inside microcompartments in NCA structure, as shown in Fig. 6.11a. The DEP type
applied to the neuron cells in this analysis was a positive force, p-DEP. The positioning
of the neuron cells inside the NCA microwells (6.11a) via DEP was modelled using
COMSOL Multiphysics R , and is presented here in the form of time-lapse images,
(Fig. 6.11b).
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(a) (b)
Figure 6.2: DEP forces exerted on particle suspended in fluid medium. (a)
Positive (p-DEP) and (b) negative (n-DEP) forces attracting particle towards
high- and low-field regions, respectively.
Microchannel 
Micro-well 
Buried channel 
(a)
(b)
Figure 6.3: 3D sketch depicting NCA structure for localisation of neuron cells
inside microcompartments, and (b) time-lapse images modelled using COMSOL
Multiphysics R  and illustrating neuron single-cell positioning inside microwells
using p-DEP force.
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6.2 PBW of NCA
6.2.1 NCA layout
The NCA structure used in this study is similar to that suggested by Jaber et al.
[180]; however, the authors reported some problematic issues in relation to that design.
For instance, some of the microwells, which are devoted to the isolation of single-
neuron cells, were loaded with more than one cell. It has been reported that, after
the localisation process, some cells that floated close to the microwells or that were
attached to the surface in the vicinity of such microcompartments had fallen inside, as
shown in Fig. 6.4. In the current work, this structure was redesigned so as to alleviate
these types of problems. As can be seen in the new design shown in Fig. 6.5, the
areas around the microcompartments (black) were reduced to approximately 10 µm in
diameter instead. The large white square indicates empty space. Consequently, the
probability of accommodating cells on the surface around the microhome was reduced.
Moreover, the fabrication process was accelerated because of the reduced exposure
area. The wall thickness was optimised to be mechanically strong.
Figure 6.4: The NCAs structure fabricated by UV in a study by Jaber et.
al [180]
In contrast to mask-based fabrication methods, PBW, as a rapid-prototype technique
applied to modify the NCA structure in order to satisfy the requirements of neural
studies, was easy, fast, and cost-free. Therefore, it was relatively easy to test di↵erent
NCA designs.
88
Figure 6.5: Redesigned NCA pattern suggested in current work. The black and
white areas represent the irradiated and unexposed regions, respectively. The
NCA walls were designed to be 10 µm thick.
6.2.2 Fabrication of 3D NCA
A 3D NCA was directly fabricated in SU-8 using PBW. The NCA was written on an
area of 410 µm ⇥ 410 µm over a set of Au electrodes. The microwells of the NCA
structure were aligned on the electrode pads (Fig. 6.6). Note that, at present, PBW is
considered to be the only method that can be feasibly applied to pattern an end-user
3D structure in an easy and fast manner. The use of other techniques to produce NCA
is either too di cult or time-consuming.
In the NCA device, the microwells were linked with microchannels having dimensions
of 40 µm height, 100 µm length, and 5 µm width. This pattern was fabricated using
the exposure strategy method discussed in Chapter 4. The beam energies used to
fabricate the 3D-NCA were 2.5 MeV and low energy values ranging from 0.75 to 1 MeV,
which were chosen according to SRIM simulation [40]. The NCA structures were
irradiated with doses ranging from 20 to 30 nC/mm2. The beam current was reduced
to approximately 10 .
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(a) (b)
Figure 6.6: (a) Tilted scanning electron microscopy (SEM) image of NCA fab-
ricated in SU-8 3000 over DEP electrodes. (b) Optical microscopic image (top
view) of NCA showing microhome aligned on DEP electrode pads.
A previous design faced problems during the wet development process, as it was di cult
to develop the buried channel within a short period of time. To overcome this issue, the
design was amended to allow the developer to more easily enter the buried channels.
The modified structure, where the microchannels were extended with open ends, is
shown in Fig 6.7.
Developer flow 
Extended channel 
Figure 6.7: 3D schematic diagram illustrating alternative structure used to
resolve buried-channel development problem, with extended microchannels with
open ends.
The buried channels in the new design were fully developed within a short time in
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comparison with the previous design. An example of such a channel is shown in Fig.
6.8.
Figure 6.8: SEM image of cross-sectional view of new NCA design used to
improve buried channel development.
This design may help to enhance neutron cell analysis results, as it allows a connection
between the isolated neural network aligned inside the NCA and the neural network
outside the structure to be established. This hypothesis requires further examination
in a real neural network analysis.
6.3 Characterisation of NCA Geometry
NCA microfluidics realise experimental conditions that are comparable to in vivo con-
ditions [164]. To recreate physiologically viable fluid velocity patterns, microfluidic
systems require precise control of the fluid flow. Channel geometry, which is the main
component in a microfluidic system, plays a significant role in the handling fluid flow.
In this work, rectangular microchannels were fabricated in 3D with smooth surfaces
and straight walls. The enhancements to the microchannel geometry are discussed in
the following sections.
6.3.1 Buried channel
A buried channel provides a safe microenvironment where fluids (e.g., biological media)
experience slow evaporation. In the present work, the buried channels were fabricated
in a single layer over the course of two subsequent exposures. PBW realises easy and
fast fabrication of a 3D channel compared with other current microfabrication methods.
For example, in Fig. 6.9a, the NCA structure is composed of a set of trenches written
by a 2.5 MeV proton beam (p-beam). These trenches were covered by the same layer
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using a lower energy of 0.75 MeV) (Fig. 6.9b). The low energy created a channel roof of
approximately 18 µm thickness. The topping process of the channel using PBW did not
include external forces, which can alter the channel geometry. Therefore, the written
channel was less susceptible to geometrical damage when compared with conventional
bonding techniques [49].
(a) (b)
Figure 6.9: SEM micrographs of (a) NCA consisting of 55 µm thick and 5 µm-
wide trenches written in SU-8 and (b) NCA with buried channels.
A cross-sectional view of buried channels is shown in Fig. 6.10. The fabricated buried
channels shown in Fig. 6.10(a) and (b) had 18 and 36 µm height and 10 and 25 µm
width, respectively.
(a) (b)
Figure 6.10: SEM images showing cross-sectional view of buried channels (3D)
fabricated using (a) p-beam with energies 2.5 and 1 MeV, and (b) thicker SU-8
(55 µm) with p-beam energies of 2.5 and 0.75 MeV.
As the channel walls are fabricated in the same material, the fluid flows uniformly and
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more controllably. This was because the liquid experienced the same surface tension
throughout the device, as the walls had the same contact angle.
6.3.2 Side wall angle
The microchannels fabricated in NCA using PBW are rectangular with vertical walls.
In this study, the channel walls formed an approximately normal angle (89.5  ) with the
substrate, as shown in Fig. 6.11. This straightness is ascribed to the proton penetrating
the SU-8 at a straight trajectory with a negligible proximity e↵ect [67]. The secondary
electrons generated along the p-beam trajectory had a short range (with an energy of
approximately 100 eV). The p-beam traversed the material in a straight trajectory,
which is evident from the results of the SRIM calculation shown in Fig. 6.12.
(a) (b)
Figure 6.11: Analysis of SEM image of NCAs channel using ImageJ software.
(a) SEM image of microchannel and (b) channel-wall straightness measurement.
Figure 6.12: Illustration of 2.5 MeV p-beam trajectory used to fabricate channel
in 40 µm SU-8.
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6.3.3 Sidewall surface roughness
The wall surfaces of the NCA channels exhibited a smooth texture, with the measured
root mean square roughness (Rrms) of the surface being approximately 2.5 ±0.5 n
(Fig. 6.13). The roughness of the channel sidewall is typically measured using atomic
force microscopy (AFM). This process requires fabricating a target surface in a way
that facilitates the AFM cantilever reaching the target area easily [77]. Alternatively, a
simple and fast method that allows evaluating the surface topology of the microchannel
was used in the present work. In this process, the rms roughness was calculated by
analysing the SEM images of the sidewall of the NCA channel such as that shown in
Fig. 6.13 using software called Gwyddion [194,195]. In this method, the rms roughness
value is resulted from statistical analysis of heights irregularities of the surface. The
value of Rrms obtained by the Gwyddion software was to a large extent close to that
typically measured by AFM and just deviated by about ±0.5 nm from that measured
by AFM. Attention should be paid to producing SEM images of good quality and less
noise for the sake of measuring accurate values.
Figure 6.13: Analysis of NCA microchannel sidewall surface using Gwyddion
software.
This smooth wall surface was accomplished as a result of the optimised scanning
method discussed in Chapter 5. The NCA pattern was produced using ion scan and
EFA. In ion scan, the exposed points of the channel edges were duplicated, thus high
overlap of the exposed points reduced the surface roughness. The EFA algorithms
contributed significantly to the realisation of a smooth surface. In addition, the multi-
loops played a significant role in improving the channel wall quality. As an example of
the improving of the sidewall quality of the the NCA channel is shown in Fig. 6.14a
comparing to that in Fig. 6.14b which has some artefacts resulting from magnetic field
straying. This pattern was scanned using single-loop mode.
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(a) (b)
Figure 6.14: SEM images showing (a) improving in the sidewall quality of the
NCA channels where the high resolution pattern (exposure points are duplicated)
was scanned with multi-loop mode while in (b) NCA channels were scanned with
single loop.
6.4 Impacts of geometrical enhancements on NCA
functionality
6.4.1 Impact of side wall angle on the DEP process
In the NCA analysis, the straightness of the microwell walls provided a safe microenvi-
ronment. In the study [180], the fabricated microwells exhibited wall inclination. This
led to the formation of regions with high electric fields at the bottoms of the micro-
compartments, as shown in Fig. 6.15a. According to these authors, the strong fields
formed in these regions had the potential to cause cell damage or death as the neurons
were localised inside the microwells. In the current work, where the microwells were
written using PBW, this issue was resolved. The straightness of the microcompartment
walls contributed significantly to the reduction of these high-electric-field regions, as
shown in Fig. 6.15b. The electric field within the microcompartments became uniform
and this, in turn, reduced the potential for cell death.
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Figure 6.15: Modelling of electric field distribution in DEP process for mi-
crowells fabricated via (a) UV lithography (UVL) and (b) PBW. UV exposure
regime: Wavelength: 365 nm; dose: 150 mJ/cm2. The SU-8 sample was aligned
with the mask (JD Photo Tools, Oldham, UK) in contact mode using a mask
aligner (Ultra l Line 7000 High Resolution Mask Aligner, Quintel Corporation,
USA).
6.4.2 Impact of side wall angle on fluid flow
In a rectangular microchannel, the wall straightness a↵ects the fluid flow, as tilted
channel walls may disturb its uniformity. For example, a similar study [180] has re-
ported written channels exhibiting walls with a negative slope. The inclination angle
may seem small, however, even a slight deviation may have a profound impact on the
fluid flow and compromise the biological analysis. In NCA-based analyses, the dendrite
outgrowth toward neighbouring cells requires a uniform flow in order to provide stable
guidance. This may assist in the establishment of an accurate connection with the
neighbouring neurons. To investigate the impact of the wall straightness on flow, the
velocity profile of the fluid propagating in microchannels was modelled numerically.
It was observed that the flow uniformity began to deteriorate significantly when the
channel walls were tilted by approximately 2   (see Fig. 6.16a). As regards NCA,
such a variation in fluid velocity could guide the dendrite outgrowth away from the
neighbouring cells. Consequently, the capacity for electrical activity detection in the
neural network could be lost. In contrast, the microchannels written by PBW in this
study had quite straight walls (89.5  ) and, therefore, the modelled fluid flow exhibited
uniformity, as shown in Fig. 6.16b. This would enhance a neural network formation
and thus improve the sensing of the action potential signal. In addition, this fluid
velocity pattern had an advantage as regards the equal distribution of chemical agents
or biological media within the microfluidic system.
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(a) Inclined channel (b) PBW channel
Figure 6.16: Numerical modelling of fluid flow velocity profile in microchannels
fabricated via (a) UVL and (b) PBW, using COMSOL Multiphysics R .
6.4.3 Impact of surface roughness on fluid flow
Surface roughness is an important geometrical parameter of the microchannel that
also a↵ects the fluid flow in a microfluidic system. Therefore, this parameter should
be taken into consideration as regards microfluidic fluid flow characterisation. The
role of surface roughness in increasing flow friction has been intensively investigated
in the literature [196–199]. In the majority of the previous studies on this topic, the
relative surface roughness was high compared to that observed in the current work.
As mentioned previously, in Section 6.3.3, the measured root mean square roughness
(Rrms) was approximately 3 nm. This value is considered to be quite small compared to
the channel width (approximately 5 µm). Thus, it is not anticipated that this roughness
should cause a disturbance in the fluid flow. In addition, according to the classical
theory, the friction factor (f) is independent of the surface roughness in a laminar flow
regime [200]. This may be attributed to the fact that the viscosity, which is dominant
in laminar flow, dampens any disturbance induced by the surface roughness [201]. In
addition, it has been claimed that the e↵ect of a relative roughness of less than 3 %
(Rrms roughness to channel width) has no e↵ect on the fluid flow [202].
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Chapter 7
Proton Beam Writing of Capillary
Micropump (CMP)
7.1 Introduction
Self-powered (or passive) microfluidic systems have received tremendous attention in bi-
ological applications. In addition to the general advantages of using microfluidics, such
as reduced sample and fast and accurate analysis, passive microfluidics are portable
and consume zero power. The fluid in a conventional microfluidic is normally driven
using an external pumping source, such as a pumping syringe. This, in turn, may limit
its wider use. Self-powered microfluidic systems benefit from the dominance of surface
to volume force at a micro/nano scale to actuate fluid inside the system. For example,
the capillary e↵ect, as a surface force, has been used in passive microfluidics to displace
fluids. For this reason, the microfluidics operated by this method are called capillary
microfluidics [203]. Some prominent and typical applications that have benefited from
capillary microfluidics are analytical platforms, so called point-of-care (POC) [204],
drug delivery [205]. Despite the appealing features of using capillary microfluidics, it
is not applied broadly. This could be because of the limitations in the current micro-
fabrication techniques. Therefore, in this work, Proton Beam Writing (PBW) will be
demonstrated to fabricate a three-dimensional Capillary MicroPump (CMP).
This chapter primarily examines CMP devices from a microfabrication perspective and
discusses the prospective geometrical enhancements that can be obtained via PBW. It
begins with a quick review of the current state of counterpart studies on this topic.
Then, a simple explanation of the theory that lies behind CMP operation is provided.
Next, a numerical-simulation-based demonstration of CMP design and the associated
fabrication process is given. Finally, an experimental demonstration of the written
structure is presented.
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7.2 Current status of CMP technology
Capillary pumps utilise surface tension to manipulate fluids through microfluidic sys-
tems. The surface tension serves as a fluid actuator and, therefore, peripheral equip-
ment for fluid displacement is unnecessary. This renders microfluidics portable with
low power consumption [203]. As a result of these appealing features, the capillary
system has been investigated in several studies and developed for various applica-
tions [206–208].
Capillary pumping was used in literatures for di↵erent applications. For example, it
was used to regulate fluid in microchannels [209]. In this study, The regulating fluid
method relies on bubble generation in the microchannels. In contrast to that method,
the use of specifically arranged channels has been suggested by Juncker et al. [210] as
a means of passively valving and pumping liquids of various amounts. This system can
be utilised as a unit for the construction of a complex network for a portable diagnostic
platform, as in the case of POC devices. The microchannels in the proposed system
are rectangular and the liquid is tuned though the system based on the pressure drop
(i.e., the capillary pressure). The pressure drop for a rectangular shape is calculated
as follows
Pc =   
⇣cos↵b + cos↵t
h
⌘
+
⇣cos↵l + cos↵r
w
⌘
(7.1)
where   is the surface tension of the liquid and ↵b,t,l,r are the contact angle of the fluid
on the inner walls of channel, bottom, top, left and right. The h and w are channel
height and width respectively.
The channel surfaces are hydrophilic and this leads to increased capillary pressure
that draws the liquid into the system more e ciently. By programming the pressure
according to Eq. 7.1, an accurate flow rate can be delivered. According to Juncker
et al. [210], low rates of approximately 220 nL/s and average speeds of 55 mm/s were
accomplished for a platform size of 100 ⇥ 100 µm2. The authors also noted that the
capillary pressure could be increased if the channel were replaced with porous materials.
This device is considered to have a small footprint, which may be a disadvantage (a
short flow rate) according to the review by Folch [211], because new pumping cycling
is constantly required. To avoid this problem, Walker et al. [212] have constructed
a large CMP in which droplets are placed at the inlet and outlet pumping channel.
These droplets have di↵erent sizes so as to establish a di↵erence in capillary pressure
between the inlet and the outlet, in order to actuate the liquid in the channel. The
flow rate of this device is approximately 1.25 µL/s for water droplets of 0.5 µL volume.
The channel port surfaces are fabricated from polydimethylsiloxane (PDMS), as this
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material has high hydrophobicity. This ensures that the drops remain beaded and,
thus, the pressure di↵erence remains stable. The platform is considered to be a high-
density device, as it consists of a large number of microchannels; this can be regarded
as an advantage compared to the small platform proposed by Juncker et al. [210].
Nevertheless, the large area may also constitute a disadvantage, as the liquid is more
prone to evaporation; this would compromise the microfluidic system performance.
Stable fluid flow for a long period of time has not been achieved in previous capillary
systems. In capillary microfluidics, the provision of a consistent fluid flow over a long
period of time would realise device reliability and, consequently, a broader field of
application. Lynn et al. [213] have asserted that a capillary platform has the ability
to realise this functionality. The key aspect of this concept lies in the creation of
a curvature (liquid/air interface) in the device outlet reservoir. The curve meniscus
creates high capillary pressure, which is responsible for actuating fluid through the
system. Steady evaporation of the fluid in the outlet assists in driving the fluid flow
steadily and for a longer period of time (more than an hour). This method benefits
from an accurate prediction of the liquid evaporation from the outlet reservoir [214].
In the cited study, this system was fabricated using the PDMS technique.
The geometrical parameters (e.g., the shape and distribution) of the microstructures in
a micropump play a significant role in the tuning of a fluid. Zimmermann et al. [215]
have presented a variety of CMP designs. For example, the fabrication of parallel
small channels can establish high capillary pressure. However, this design exhibited
high fluidic resistance, and the use of posts was therefore suggested instead. Cap-
illary microfluidics composed of pillars have the ability to pump a high capacity of
fluid, as posts occupy a smaller area of the device body. Thus, di↵erent microchannel
shapes and orders were used to manipulate fluids, and the microshape surfaces were
treated chemically to yield higher hydrophilicity. A maximum flow rate of 3.7 nL/s
was accomplished for some of the proposed designs.
In a similar study, Madadi et al. [216] presented an optimisation process to determine
the optimal geometrical parameters of a micropillar to enhance the pumping process
e ciency. The optimisation was dependent on a minimised flow resistance with in-
creased flow rate. Various microshapes, i.e., circular, diamond, and rectangular, were
proposed in this study, as shown in Fig. 7.1.
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Figure 7.1: Various micropillar shapes fabricated in PDMS for use as microp-
umps and optimised in a study by Madadi et al. [216]
It has been found, both numerically and experimentally, that micropumps composed
of diamond pillars can displace a fluid with a flow rate that is 73 % greater than a
circular-type pump.
The flow rate in some of the micropumps reported by Zimmermann et al. [215] may
be susceptible to instability. This is because the fluid propagation is random in some
geometries and this, in turn, may cause air entrapment. To resolve this issue, two
new designs (serpentine and leading-edge) have been proposed by Safavieh et al. [203].
The liquid in these designs was programmed according to Eq.7.1 to propagate in a
sequential path, as shown in Fig. 7.2.
(a) Serpentine design (b) Leading edge design
Figure 7.2: Two approaches proposed by Safavieh et al. to establish sequential
and steady fluid flow in a CMP device [203].
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It was asserted that this regime reduces the probability of the formation of air bub-
bles. Furthermore, it gives precise control over the flow rate. This study confirmed
the benefit of pillars and short channels in micropump designs, as claimed by Zimmer-
mann et al. [215]. These CMP devices were fabricated in silicon and PDMS and the
measured contact angles between the silicon and PDMS were approximately 26 and
118 , respectively. Accordingly, the flow resistance was calculated to be approximately
7 ⇥ 1012 Pa s m 3. The pressure drop and the flow rate can be determined based on
the calculated flow resistance.
The maximisation of pumping throughput with a steady flow rate remains a problem
in capillary microfluidics. Horiuchi et al. [217] fabricated vertical channel arrays with
the ability to pump a fluid in a synchronised manner. All of the pillars suck the fluid
in at the same time. The hollow pillars are fabricated on top of microchannels with
smaller radii. According to the authors, this realises a quite large and constant flow
rate. The use of micropillar geometry to pump a fluid in capillary microfluidics has
therefore shown superiority over other designs [215, 218], as low flow resistance has
been observed.
The majority of the capillary microfluidics reported in the literature have been fabri-
cated in PDMS, as this material is cheap and easy to manipulate compared to silicon
(Si) or glass. However, PDMS is mechanically weak and collapses easily. Therefore, it
is limited to application in low-aspect-ratio structures. In addition, a high pressure is
required to achieve a high flow rate in self-powered microfluidics. This, in turn, may
cause deviation in the channel geometry and, consequently, the device functionality
may be compromised [208]. Some e↵orts have been directed towards resolving the
problems associated with PDMS [216, 217, 219, 220]. For instance, Madadi et al. have
modified the conventional PDMS lithography technique to include coating of the final
fabricated PDMS structure with a thin layer of photo-sensible thiolene resin, NOA 63
(Norland Optical Adhesive). The NOA 63 layer imparted some mechanical strength;
therefore, the pressure-induced deformation was minimised by approximately 70 % in
comparison with the routine PDMS lithography regime.
7.2.1 Contribution of the current work
Previous e↵orts towards the development of CMPs were briefly reviewed in the previ-
ous section. These e↵orts have been focused on the investigation of new geometrical
parameters to optimise the function of passive microfluidics. However, the fabrica-
tion method, which is considered a critical factor as regards controlling and improving
the geometrical parameters of such systems, has received less attention. The major-
ity of the literature has utilised PDMS technology to fabricate capillary microfluidics.
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Although this method constitutes a simple fabrication process, some disadvantages
exist. As noted above, PDMS is mechanically weak and is prone to collapse, particu-
larly when the device is fabricated with a high aspect ratio (HAR). A higher pressure
drop though the microchannels may also cause damage to PDMS structures. Some
studies [208, 216, 217] have attempted to overcome this issue; however, the resultant
techniques involve either additional steps or cost.
Another problem that has been noted in the literature is that the microfluidic body
and the substrate are assembled using di↵erent materials. For example, it is common
practice that a PDMS replica is attached to a glass or Si substrate. These di↵erent
material surfaces may have an impact on the fluid uniformity, as the channel surfaces
have di↵erent contact angles. Therefore, in this case, the surfaces require surface
treatment to provide them with closed contact angles.
The provision of higher fluid volumes is also an issue for CMPs [203,217]. An increased
flow rate can be obtained by increasing the device footprint; this option implies an in-
crease in the liquid evaporation rate and also cost. Another possible and sensible
approach involves the creation of a deep structure. However, this is not easily accom-
plished using current microfabrication methods. Chapter 2 has explained some of the
limitations of the current lithography methods.
Microfluidic systems function e↵ectively when the fluid flow through the device is
controllable. In a microcapillary system, the pressure drop is largely dependent on
the geometry of the microstructures embedded in the microchannels. Therefore, the
fabricated structure should be transferred to the substrate as it is outlined. Variations
in the microstructure shape or inclination could compromise the system performance.
Encapsulation of the microfluidic systems is of vital importance to prevent fast evapo-
ration on the micro or nanoscale. However, no reliable technique for the safe covering
of microfluidics has been reported as yet. The currently applied bonding methods are
performed under high compression, high temperature, or by attaching a cover to the
main microfluidic body using an adhesive. However, these techniques have a high risk
of deforming the microstructures or clogging the channels. CMP functions are based
largely on the microchannel geometry. Therefore, encapsulation must be conducted in
such a manner that deterioration of the microstructure and microchannel blockages is
prevented.
The approach adopted in the current work in order to resolve these issues can be
summarised in the following points:
• Capillary microfluidics would function appropriately if the entire microfluidic
system, including the cover, were fabricated from the same material. Parameters
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such as the contact angle and capillary pressure could then be precisely calculated
and the fluid flow could be accurately predicted. The PBWmethod has the ability
to fabricate an enclosed channel via two successive exposures of a single-layer
resist. In addition, PBW can overcome the problems associated with conventional
bonding methods.
• HAR microstructures can be fabricated to realise a microcapillary pump with a
throughput flow rate, as one of the outstanding physical features of PBW is that
the proton beam (p-beam) can deeply penetrate the material with less straggling
over the majority of its path.
• The fabrication of CMP in an SU-8 resist, which has excellent mechanical and
chemical properties (see Chapter 4), can be realised. In contrast to PDMS struc-
tures, fluid flow under high pressure can be introduced to SU-8 structures. HAR
microfeatures are easily attained in SU-8 with good mechanical stability.
7.3 Capillary Pumping Theory
At micro or nanoscale, the capillary e↵ect is significant as a surface force. The surface-
to-volume force is dominant in microfluidic systems. This e↵ect has been exploited
e ciently to actuate fluids in microchannels. For microfluidics to function properly,
the fluid flow in the microchannels should be delivered accurately and with full control-
lability. To employ a capillary force in a precise manner, some physical qualities, such
as the surface tension ( ) and contact angle (✓), should be understood. Therefore, a
brief description of these parameters is given below.
Surface Tension ( )
Surface Tension is a result of the cohesion between liquid molecules at the liquid/gas
interface. It creates a fluid curvature in this area, which leads to an increase in the pres-
sure on the sides of the interface surface. The generated pressure across the interface
is expressed by the so-called Young-Laplace pressure drop ( P ) [221].
 P =
⇣ 1
R1
+
1
R2
⌘
  (7.2)
where R1 and R2 are the radii of curvature. From this formula, the higher the   in the
liquid, the higher the pressure drop that can be generated. Pressure inside a liquid is
always greater. In capillary microfluidics (e.g., micropumps) the variation in the size of
the microchannel is responsible for creating a pressure drop to displace a fluid inside the
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microchannel. As the cross section of the microchannel is smaller, a higher curvature
(higher surface tension) is created and the pressure drop becomes greater [222].
Contact Angle (✓)
The microchannel surface plays a key role in the capillary e↵ect. Inside a microchannel,
di↵erent phases are in contact with each other: liquid, gas (e.g., air), and solid (channel
surface). The common interface of the three immiscible phases is known as the contact
angle (✓). The three phases and the corresponding ✓ are illustrated in Fig. 7.3.
Figure 7.3: Graphical representation of ✓ formed between three phases: solid
(s), gas (g), and liquid (l)..
The value of ✓ is directly linked to  , and the relationship is given by Youngs equation
cos ✓ =
 sg    sl
 lg
(7.3)
where the   subscripts s, g, and l indicate the solid (s), gas (g), and liquid (l) phases,
respectively. The solid surface (e.g., the microchannel wall) can be hydrophilic or hy-
drophobic, and this can be determined based on ✓ value. For ✓ < 90   the liquid is
spread on the surface; therefore, the surface can be described as having high wetta-
bility (it is hydrophilic), as shown in Fig.7.4a. With ✓ > 90  , the liquid contact area
is small and the surface has low wettability (hydrophobic), as shown in Fig.7.4b. Hy-
drophilic surfaces are preferable for capillary microfluidics, as the surface tension at
the interface between the liquid and the gas is higher, meaning that the pressure is also
higher. Therefore, a hydrophilic channel surface is chosen. In some cases, the surface
is subjected to treatment to reduce its ✓ and, thus, increase its wettability. At ✓ = 0,
the surface is fully wet.
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(a) Hydrophilic surface (✓ < 90 ) (b) Hydrophobic surface (✓ > 90 )
Figure 7.4: Graphical diagram illustrating surface-type classifications based on
✓ [223].
The value of ✓ is determined by   and external forces (usually gravity) [224]. However,
in microfluidic regimes, the gravitational force is negligible as a volume force and,
therefore,   is a dominant factor.
The flow rate, which is a critical parameter in micropumping system, can be varied
based on the footprint size of the micropump and the pressure applied on the working
fluid according to the equation
Q =
 P
R
(7.4)
The pressure drop according to the Laplace law (Eq. 7.2) can be manipulated accord-
ing to the radius of curvature (i.e. the meniscus) of the interface surface between the
immiscible fluids [222]. The microstructures geometry (e.g. channel size) and surface
contact angle are vital parameters influencing the radius of curvature, resulting in a
pressure gradient through the micropump. For example, a smaller radius of curvature
(in a small channel) leads to a high pressure drop and then increasing flow rate. Mi-
crovalves are other key components to handle the flow rate in microfluidic systems and
particularly the micropump [211,225]. The microvalve can be a moving microstructure
(such as a cantilever) or a fixed structure (e.g. di↵user). It is embedded in fluid paths
(microchannels) allowing the user to control the fluid flow [226]. The valve can be an
active component (actuator) or passive by controlling its surface chemistry. The ac-
tive valve can be actuated using di↵erent actuation mechanisms such as electrostatics,
magnetic force for a mechanical type while the passive type can be controlled using
electrochemical e↵ect (based on electrokinetic phenomena) [227]. The electrokinetic
e↵ect is based on actuation of liquid under the influence of an applied electric field.
In this method, for example, a set of electrodes is integrated with microchannels to
manipulate the fluid motion and flow rate [228].
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In conclusion, these methods can be merged together to provide a micropump with a
variable flow rate.
7.4 Numerical modelling of CMP
7.4.1 CMP design
As described in the literature, the microstructure shape and the method of distribution
through the micropump device are used to pump the fluid. The microstructures tune
the capillary pressure to guide the liquid such that air entrapment is avoided, and also
to control the flow rate. Some studies have concluded that a long channel corresponds
to high fluidic resistance. The fluidic resistance can be minimised by splitting the
long channels into small parallel segments. Furthermore, this method provides higher
capillary pressure. In addition, clogging occurs less frequently compared to long chan-
nels [203]. Pillars or posts are common microstructures applied in such microfluidics.
In this work, it was proposed that the design shown in Fig. 7.5 be fabricated using
PBW as a CMP prototype. This design consists of arrays of cylindrical posts of various
sizes, with varied spacing so as to establish capillary pressure through the device. This
design was named the L-CMP, as the fluid propagates in an L-shape flow.
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(a) L-CMP
(b) 3D of L-CMP
Figure 7.5: CMP designs. (a) Two-dimensional (2D) sketch of L-CMP consist-
ing of di↵erently spaced cylindrical posts of various sizes and (b) 3D sketch of
L-CMP.
The posts are arranged in a specific order to guide the fluid via a sequential propagation.
The pillars in the first row have 60 µm diameter and are spaced at approximately
5 µm. The diameters of the subsequent post rows decrease by 5 µm, which creates
intermediate spaces that increase at the same rate in each row, towards the CMP
outlet. The design concept here is that each preceding row has higher pressure than
the subsequent row.
Fluid pumping using this structure has been validated via numerical simulation.
7.4.2 Numerical demonstration of fluid flow in L-CMP
Liquid (water) flow through the L-CMP was demonstrated using numerical simulation
with COMSOL Multiphysics R . The flow regime was creeping, which is usually applied
for the examination of fluid flow in microfluidics. The adoption of creeping flow implies
that inertia and the gravitational force are negligible, with the only active force being
 . The contact angle (✓) values used in the numerical simulation were between 5 and
78 , corresponding to the ✓ of the SU-8 surface after oxygen (O) plasma treatment [229]
and of the SU-8 surface without tratemnet, respectively.
108
The fluid propagation in the L-CMP is visualised in Fig.7.6. The liquid begins to
fill the first row, r1, in an L-shape. The second row, r2, is then filled in sequence.
The large space between the pillars in the second row delays the advancement of the
liquid flow. Therefore, each preceding row is always filled before the fluid reaches the
subsequent row. This guarantees sequential front filling and reduces the probability
of air entrapment or flow disturbance. The liquid continues to progress towards the
outlet at the same uniform pace.
The computed model showed that the fluid propagated toward the L-CMP outlet
uniformly, with a computed flow rate of approximately 290 nL/s. The flow rate was
dependent on the pressure and fluidic resistance, and both the  P and resistance
were dependent on the micropump geometry. Therefore, the desired flow rate could be
obtained by controlling the pillar number, size, and aspect ratio.
Based on the calculated flow rate and the  P over the CMP, the flow resistance was
calculated using
R =
 P
Q
(7.5)
The calculated hydraulic resistance was approximately 1.7⇥ 1013 Pa s m 3.
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(a) t=8⇥10 4 s (b) t=2⇥10 3 s
(c) t=5⇥10 3 s (d) t=8⇥10 3 s
Figure 7.6: Numerical modelling of L-CMP fluid flow pattern. (a) to (d) Sequen-
tial images summarising fluid flow motion in L-CMP. The blue and red colours
represent the pumped liquid (water) and air, respectively.
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7.5 PBW of CMP
The optimal L-CMP structure as determined via numerical simulation was fabricated
using PBW. The CMP was written in a SU-8 photoresist of 40 to 60 µm thickness
using p-beam energy of 2.5 MeV. The SU-8 was irradiated with a p-beam dose of
30 nC/mm2, and the written structure was scanned using the edge-following algorithm
(EFA). A CMP prototype integrated with a fluidic resistor is shown in Fig.7.7. The
flow resistance through CMP is always preferable to be low; therefore, the CMP is
pretending by flow resistor to modulate the flow rate.
Fluidic resistor CMP body
Inlet
Outlet
Figure 7.7: SEM image of L-CMP fabricated in SU-8 resist with fluidic resistor.
Because PBW can be used to rapidly produce prototypes, geometric modifications,
such as adjustments to the pillar diameters and gaps or even the surface roughness,
could be made easily. Fig. 7.8 shows examples of written and modified CMP structures.
(a) (b)
Figure 7.8: SEM images showing sample modified CMPs written in SU-8.
The geometry of the microstructures within the micropump has profound e↵ects on the
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device performance. Therefore, they should be fabricated so as to provide a uniform
pattern of fluid flow. PBW realises certain improvements to the written structure of a
CMP, which are discussed in the following sections.
7.5.1 Pillar straightness (side wall angle)
The microchannel in the CMP is rectangular, and channel-shape uniformity is vital
to ensure that the CMP functions properly. Uniform rectangular channels facilitate
uniform fluid velocity and capillary pressure within the CMP device. This leads to a
robust and reliable microfluidic system. As has been discussed in the literature review
conducted earlier in this chapter, the current lithography techniques are still limited
to the production of structures with fewer defects. In PBW structures, however, the
channels exhibit dimensional uniformity as a result of their straight walls. Fig. 7.9
shows magnified SEM images of L-CMP micropillars written in SU-8.
(a) (b)
Figure 7.9: SEM image showing straightness of various L-CMP micropillars at
the CMP (a) outlet and (b) inlet.
These pillars was characterised using ImageJ software [230], and it was found that they
form an angle of 89  with the substrate. This angle would have been closer to 90  if
the p-beam energy was higher or the resist layer was thinner. The slight broadening
at the post bottom is attributed to beam straggle close to the end of the beam range.
There is greater controllability over the fluid flow though this channel, and it can be
predicated precisely compared to some counterparts, as shown in Fig. 7.10.
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Figure 7.10: Microposts fabricated in poly(methyl methacrylate) (PMMA) us-
ing photolithography in combination with PDMS casting in so-called soft lithog-
raphy [216].
In contrast to PDMS, SU-8 possesses excellent mechanical properties and, therefore,
a HAR can be attained. Moreover, the written structure is robust and can withstand
the application of high pressure.
7.5.2 Surface roughness
The surface roughness becomes a more active factor as regards the fluid characteris-
tics at the micro/nanoscale. Therefore, this factor should be considered during the
design and fabrication of microfluidics. Here, the written microposts were smooth and
exhibited surface roughness values of less than 3 nm. The low surface roughness can
be attributed to factors such as pattern resolution, the number of scanning loops and,
more importantly, the beam sweeping mode over the resist. The pillars were scanned
using EFA, and this method contributed significantly to smoothing of the structures’
surface texture. The beam was swept on a parallel track, following the pillar edges and
then moving towards their centres. This method, as described in Chapter 4, minimised
the e↵ect of hysteresis in the magnetic scanning. Increasing the scanning loops led to
further reduction of the surface roughness.
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Figure 7.11: SEM micrograph of micropillars written in SU-8 using PBW.
7.5.3 Structure aspect ratio (HAR)
The height(h) and width(w) of the posts and the gaps between them are parameters
that directly a↵ect the pressure and fluidic resistance in the CMP. However, control of
these parameters is limited in current microfabrication methods. In contrast, a HAR
structure could be achieved easily using PBW, as a result of the deep and straight
penetration provided by the highly focused energetic p-beam. This feature of PBW
enables patterning of deep and high-density structures. As a result, the performance
of the CMP is controllable. For example, the capillary pressure, which is a main
parameter in capillary micropumping as expressed in Eq. 7.1, can be controlled by
adjusting the channel aspect ratio.
Figure 7.12: SEM image of a group of microposts written in SU-8 with a HAR
of 7.
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This also allows of fabricating small footprint of CMP with maintaining high through-
put flow.
7.5.4 3D L-CMP
An enclosed channel is important at micro/nanoscale because of the fast evaporation
of the fluid. Conventional bonding methods, such as thermal or adhesive techniques,
may lead to clogging of the channels or even deformation of the channel shape. All
these e↵ects compromise the functionality of the CMP, because the fluid in a deformed
channel is not controlled. Hence, modelling of quantities such as capillary pressure,
fluidic resistance, and flow rate is far more di cult and susceptible to errors.
The patterning of a buried channel via PBW is more e cient compared to the con-
ventional method. No external physical force, such as a pressure press or adhesive
material, is required. The encapsulation process in PBW is performed by applying two
energies: 2.5 and 0.75 MeV, and this method has been proven to be both safe and fast.
Moreover, the channel walls are all fabricated from the same material, which provides
consistency in the fluid flow. Contact angle (✓), for example, as a critical parameter
in CMP operation, is uniform at all points inside the channel. Consequently, CMP
enhancement is expected.
7.5.5 Experimental demonstration of fluid flow in L-CMP
The fluid flow through the fabricated L-CMP structure was demonstrated experimen-
tally. The L-CMP was injected with a water-like dye and the liquid flow was observed
experimentally and recorded as a series of optical micrographs (Fig. 7.13). The liquid
propagated along the edges of the pump and was then drawn to the next space between
the micropillar rows. The filling front moved consistently along the main axis of the
pump, in good agreement with the behaviour predicted by the numerical simulations.
The CMP surface was treated using Oxygne plasma (Plasma Asher Emitech K1050X)
at 75 % power for 5 min. As a result, the surface wettability was increased by reducing
the fluid ✓ to approximately 5 .
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Figure 7.13: Time-lapse optical micrographs illustrating sequential fluid motion
in CMP microfluidic fabricated by PBW.
7.5.6 Conclusion
CMP protoypes, as a sample microfluidic application, were written using PBW on
SU-8 photoresist. The written structures of the resultant CMPs exhibited signifi-
cant improvements in terms of their geometry, such as reduced surface roughness and
greater channel-wall straightness at HAR. As a result of these improvements, param-
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eters such as the capillary pressure, fluidic resistance and, thus, the fluid flow rate
exhibited greater controllability than reported previously. The examined CMP design
was first demonstrated numerically using COMSOL Multiphysics R , and the experi-
mental demonstration exhibited good agreement with the numerical results.
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Chapter 8
Proton Beam Writing of a
Polymeric RF-MEMS Switch
8.1 Introduction
Radio-frequency microelectromechanical systems (RF-MEMS) have the potential to
revolutionise telecommunications technology. MEMS is a technology that can be de-
fined as a combination of miniaturised mechanical and electrical components embed-
ded on a small chip to perform specific functions, for example, sensing and switching.
The attractive features of MEMS devices are that they occupy a small volume, are
associated with reduced fabrication cost and energy consumption, and they exhibit
enhanced performance. One of the most important MEMS devices is the microme-
chanical switch, which is used widely for the processing of radio frequency (RF) sig-
nals [231, 232]. Switching in RF applications using solid-state technology, including
field e↵ect transistors (FETs) and PIN diodes, has some disadvantages. For example,
at high signal frequency (i.e., > 1 GHz), the solid state switch exhibits a large inser-
tion loss (typically 1 to 2 dB) in the ON state. Moreover, this type of switch in its
OFF state provides poor isolation (estimated to be less than -30 dB) [231,233]. These
disadvantages have been overcome using RF MEMS switches. Mechanical RF MEMS
switches employ deflectable mechanical components (e.g., cantilever beams) to achieve
a short and open circuit in the RF transmission line. The switch beam is a suspended
structure and can be in bridge (anchored at two ends) or cantilever (free at one end
and fixed at the other) form. Although the MEMS switch exhibits performance supe-
riority, it also demonstrates higher energy consumption with slow switching compared
to current techniques (e.g., field-e↵ect transistors (FETs) and PIN diodes). Therefore,
e↵orts have been made in the quest to develop a MEMS switch with low actuation
voltage (also known as pull-in voltage (Vp)) and fast switching. The first reported
work on a RF MEMS switch was performed by Petersen [234] and involved a can-
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tilever fabricated on silicon (Si). The cantilever beam was deflected using electrostatic
force. Since then, a large amount of research has been published on di↵erent aspects
of RF MEMS switches, such as their design [235–237], materials [238, 239], actuating
mechanisms [240], and fabrication [241]. These factors play a crucial role in improving
the MEMS switch performance. The most common switch is actuated electrostatically.
For this kind of switch, the main aim is to achieve high-speed switching at low Vp [242].
The geometry and structural characteristics of the switch beam are key factors in de-
termining Vp and, thus, the switching time. Vp can be expressed mathematically via
one of the most widely used formulae in the literature [242]
Vp =
s
8kzg30
27✏0A
(8.1)
where kz is the spring constant of the switch beam (i.e., cantilever), g0 is the gap
between the switch beam and the actuation electrode, ✏0 is the free-space permittivity,
and A is the area of the switch.
Pacheco et al. [243] have proposed a new design that is actuated by a lower electro-
static force. The switch beam development approach adopted in their study was based
on a beam design that leads to a lower kz. Specifically, the kz of the beam was de-
creased by increasing the number of meanders in the switch beam; this resulted in a
reduction of Vp to approximately 9 V. In addition, the capacitance ratio (Con/Coff ),
which is capacitance at ON-state (Con) to capacitance at OFF-state (Coff ) was 48.
Consequently, a signal isolation of -26 dB at 40 GHz was demonstrated. The isolation
in the RF measurement can be defined as the magnitude of a signal that couples across
an open circuit. Further reduction of the pull-in voltage (Vp) to approximately 6 V
was achieved in a design suggested by Peroulis et al. [242], which is similar to the ap-
proach adopted by Pacheco et al. [243]. The number of meanders was increased from
1 to 5, dramatically reducing the kz of the deflected beam. In addition, the cantilever
beams were deflected downwards by over 5 µm in a period of (50 µs). However, there
is always a trade-o↵ between the switching time, Vp, and g0. This can be seen in some
studies, for example Ref. [244, 245], where the researchers achieved a switching time
approximately 6 times faster than that of [242], ranging from 4.4 to 7 µs. However, this
high-speed switching required a higher Vp of 50-80 V. The high Vp reported in [244]
can be ascribed to g0 being as large as 10 µm. At frequency of approximately 2.3 GHz
the switch has isolation of about -28 dB.
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Although there are some ways to achieve a lower Vp (according to Eq. 8.1), including
reducing g0 or increasing A (the area of the electrostatic force application), these meth-
ods have some limitations. Previous studies [242,243] have claimed that, for example,
in the case of reduced g0, the switch is limited to low-frequency operation. This is
because a switch with small g0 may o↵er low isolation at high frequencies. On the
other hand, a large A is also a factor that can lead to a further decrease in the Vp.
However, this leading to increasing the device footprint which is undesirable in the
MEMS industry, which focuses on further miniaturisation of MEMS parts.
In a di↵erent design, suggested by Kanthamani et al. [246], the switch cantilever ex-
tended to approximately 300 µm, and the g0 between the switch beam and the signal
line was approximately 1 µm. The switch was integrated on a coplanar waveguide
(CPW) and the cantilever beam was deflected with a Vp of approximately 6 V. This
decreased V was due to a reduction in the g0 to approximately 1 µm. The switch
isolation was approximately -21.67 dB at 40 GHz. The g0 was reduced by elevating the
middle electrode in the CPW. A new approach to MEMS switch design was introduced
in a study by Samaali [247], with a suggested design for the realisation of fast switch-
ing. The cantilever beam of the switch was fabricated as a part of the transmission
line. Thus, the RF transmission line consisted of overlapped cantilevers, which con-
currently functioned as moveable electrodes (ohmic contact mode). The overlap point
(the connection point between the cantilevers) consisted of rigid pads connected to the
flexible beam. According to the author, this geometry facilitated fast switching and a
low Vp with high isolation. Furthermore, the device had a small volume and could be
joined to an integrated circuit (IC) more easily. The theoretical model of this design
exhibited a Vp that was reduced by 45%. In addition, the switch was approximately
30% faster than a switch design out-of-plane of the transmission line and using a single
cantilever beam.
8.1.1 Material of RF MEMS switch
Carbon-Based material
The materials utilised in the fabrication of RF MEMS switches are also a subject of
interest, and they has been examined in several studies. The switch materials help to
determine the system performance, and the use of a variety of materials has been re-
ported in a number of studies. Since the first reported RF MEMS, Si has been a leading
fabrication material, owing to the ease of the fabrication process and its mechanical
properties [248, 249]. However, because of certain limitations of the Si material, as
reported by Liao et al. [250], RF MEMS have also been fabricated using carbon-based
materials, such as carbon nanotubes (CNTs) and graphene. Si, as stated in this study,
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has poor thermal stability, low fracture strength, and tribological properties. Carbon
materials, in contrast, have a number of mechanical, electrical, and thermal properties
that are superior to Si and other popular materials, such as gold (Au) [251] or alu-
minium (Al) [252]. Carbon-based materials have low mass, high thermal conductivity,
hydrophobic surfaces, and tailorable electronic configurations. These properties yield
more reliable switch functionality. For example, the stiction that occurs at the contact
surface between the movable beam and the electrode is reduced in the case of car-
bon materials, because of their hydrophobic surfaces. MEMS/nanoelectromechanical-
system (NEMS) prototypes fabricated in various carbon materials have exhibited a
high-speed switching (2.8 ns) at Vp value of about45 V. For example, the MEMS switch
proposed by Mafinejad et al. [238] exhibited superior performance when carbon materi-
als were employed. In that study, a switch beam fabricated on graphene achieved quite
fast switching compared to its metallic switch counterparts (i.e., Au and Al devices).
A switch beam maintained at 2.5 µm above the actuation electrode was deflected in
just 3.54 ns via the application of only 7.7 V.
Conductive polymer
Polymers are an attractive alternative to Si and metals. They have many advantages,
including their mechanical properties, cost, and ease of processing. For example, SU-8,
which is a popular polymer that is widely used in MEMS applications, has a Youngs
modulus (E) of approximately 4.5 GPa, and this value is almost 30 times less than
that of Si [253]. Polymers, however, are insulators, which means that they cannot be
directly used as a functional material in MEMS switches. Therefore, they are modified
electrically. The two main types of conductive polymer are intrinsically conducting or
nanocomposite. In the first type, e.g., polyanilines, the electrical conductivity is due to
delocalisation of the electrons on the polymer backbone. In the latter, the conductivity
is improved by loading the polymer with metal nanoparticles (NPs), such as silver (Ag),
Au [254, 255], carbon black (graphite) [256, 257], and CNTs [258]. The composite in
this case is improved electrically by maintaining the flexibility of the polymers, and
this material can be easily manufactured using microfabrication techniques.
The use of an intrinsic conducting polymer in MEMS switch fabrication has been re-
ported in very few studies. For example, Roemer et al. [259] have used a conductive
polymer, polyaniline (PANI), and polypyrrole (PPY), to fabricate an actuated can-
tilever. This cantilever was deflected through application of a low Vp of less than 1 V.
In a polymer nanocomposite, discontinuity between the dispersed particles allows the
polymer to retain higher flexibility. When external forces (e.g., electrostatic) are ap-
plied, the interface distances between the neighbouring particles (i.e., the fillers) de-
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crease, leading to the formation of percolation passageways. Consequently, the hosted
polymer conductivity is increased through tunnelling between the particles along the
percolation paths [257]. In a study by Jiguet et al. [254], silver NPs (AgNPs) were
dispersed thoroughly in SU-8 photoresists. It was observed that the electrical con-
ductivity of the composite was enhanced significantly at 6 vol% AgNP content. This
means that the percolation paths were established at this low filler volume and poly-
meric composites loaded with di↵erently sized AgNPs were characterised [260]. After
the percolation threshold, the electrical characterisation of the composites showed that
the mixture containing small-size AgNPs (10 nm) had less resistivity compared to that
containing larger-sized NPs (80  500 nm). CNTs have been used as fillers in di↵er-
ent polymers, such as SU-8 and polydimethylsiloxane (PDMS). Microelectrodes have
been fabricated from CNT/PDMS composite, and these flexible electrodes yield stable
electrical properties, even under bending. An SU-8/carbon black composite has been
reported [100,256] with a percolation threshold of approximately 12 % nanocarbon par-
ticles. Such composites were used in the fabrication of active parts (i.e., cantilevers)
in di↵erent MEMS applications. Further information on polymer-based MEMS can be
found in the review by Liu [261].
8.1.2 MEMS fabrication
The MEMS fabrication techniques and production processes play a vital role in de-
termining the materials and designs used in evolving MEMS applications. As MEMS
technology was developed from the semiconductor industry, some overlaps with this
industry still exist. Si micromachining technology is one of the techniques adopted
from the semiconductor industry for use in MEMS fabrication. Several methods have
been employed, including surface and bulk microfabrication, photolithography, soft
lithography, and electron beam lithography (EBL). These methods either require long
fabrication steps [236,262] or are limited to the patterning of a shallow structure. The
trend in the MEMS industry is towards further miniaturisation of MEMS components
and performance enhancement, which can be achieved through the fabrication of mi-
crocomponents in three dimensions with high density (high aspect ratio; HAR) [263].
For example, in current techniques for the fabrication of three-dimensional (3D) MEMS
elements, such as cantilevers, a sacrificial layer (normally polymer) is required [264];
this increases the length and complexity of the fabrication process. A method such as
LIGA has the ability to achieve a high aspect ratio (HAR) structure; however, this is a
costly and complex process [265]. Fabrication of 3D MEMS components, for instance
a suspended bridge or cantilever, can be achieved rapidly and with a single layer of
materials using proton beam writing (PBW). Some groups have successfully exploited
PBW in the fabrication of 3D structures with HAR [266, 267], and these structures
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have potential applications in MEMS devices. The microstructures were fabricated in
a single-layer semiconductor using a single energy at di↵erent doses. Di↵erent pro-
ton beam (p-beam) doses in combination with electrochemical etching produced the
multilevel structure. Polymeric suspended structures were patterned using PBW. For
example, van Kan et al. [86] fabricated cantilever prototypes in SU-8. In addition,
PBW was successfully used to fabricate electromechanical conductive nanocomposites
(SU/AgNPs) [104].
Although PBW has attractive features as regards the fabrication of a 3D structure
with HAR in a single layer of resists, its use in such MEMS applications is still limited.
From the literature, it can be seen that the majority of RF MEMS switch develop-
ments have been focussed on reducing the Vp and achieving a fast switching time.
Hence, a trade-o↵ has been made between reducing Vp and fast switching. The major
enhancements made to the RF MEMS switch to achieve low Vp and fast switching time
have been primarily based on two approaches, involving the switch beam geometry and
beam material.
In this work, a new MEMS switch designs were fabricated using PBW. The eletrostati-
clly actuated RF MEMS switches were written in a conductive polymer nanocomposite
(SU-8/AgNP). Prior to fabrication, the polymeric RF MEMS switch was numerically
optimised using COMSOL Multiphysics R .
8.2 Electrostatic actuation
The electrostatic actuation mechanism is the most common electromechanical method
used in MEMS switches, although various actuation mechanisms, such as piezoelectric,
and magnetic, have been used to actuate di↵erent MEMS switch designs. Electrostatic
actuation is the most widely applied technique in MEMS switches relative to other
actuation methods. This can be attributed to its favourable scaling properties, easy
integration with electrical circuits, few required components, large deflection capacity,
relatively low power consumption, and rapid response time. Furthermore, the elec-
trostatic actuator system is compatible with the majority of the current fabrication
techniques [268].
8.2.1 Electrostatic actuation theory
In its simple form, an electrostatic actuator consists of two plates, fixed and moveable.
The application of a particular voltage V between the plates generates an electrostatic
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force, which attracts the movable plate towards the fixed plate (actuation electrode).
The electrostatic force can be expressed as
F =
✏0AV 2
2d2
(8.2)
where ✏0 is the free-space permittivity, and A and d are the areas of the plates and the
distance between them, respectively. The movable electrode is usually connected to a
mechanical part (i.e., a spring) to allow free movement (see Fig. 8.1). The spring and
movable plate resemble the cantilever beam in a MEMS switch. Further, a low-spring-
constant cantilever beam can be attracted by applying a low Vp.
Spring = Cantilever  
beam 
Fixed support = Cantilever  
Anchor 
Fixed part = Actuation 
electrode 
d 
V 
+ 
- 
Figure 8.1: Schematic diagram of a basic form of electrostatic actuator
In the current work, an electrostatic actuation mechanism was used to deflect the
cantilever beam. The cantilevers were integrated with electrostatic electrodes (RF
CPW lines) in two di↵erent forms, as depicted in Fig. 8.2.
Cantilever actuated 
beam  
Actuation electrode 
Cantilever Anchor 
CPW lines (electrode) 
(a) A lateral actuation
Cantilever Anchor 
Cantilever actuated 
beam  
Actuation electrode 
CPW lines (electrode) 
(b) A pull down actuation
Figure 8.2: MEMS switch cantilever setup over CPW lines. The cantilever
deflection method using electrostatic actuation in the two types of RF MEMS
switch, where the electrostatic force attracts the cantilever beam (a) laterally
and (b) downwards.
The illustration in Fig. 8.2 is to clarify the cantilever integration with the CPW and
the actuation mechanism only. The actual designs of the RF MEMS switches are quite
124
di↵erent. The designs of the MEMS switches are elucidated in detail later in this
chapter.
8.3 Electrical Breakdown
Despite the popularity of electrostatic actuation in MEMS switch applications, the
switch is prone to failure as a result of electrical breakdown. The probability of electri-
cal breakdown increases as the structure is scaled down, because the small operating
voltage (V ) leads to a high electric field magnitude. In the RF MEMS mechanical
switch, it is preferable for the switch to operate at a lower V . In some cases, the
achievement of a low V (see the Eq. 8.1) requires a reduction in the gap between the
cantilever beam and its electrode (g0 is the same d). Therefore, a high electric field is
produced. The breakdown voltage can be explained by Paschen’s Law, which expresses
the sparking voltage as a function of the gas pressure (p) and d, such that
Vs =
Bpd
ln(Apd/ ln(1 + 1/ ))
(8.3)
where A, B and   are constants related to the gas used as a dielectric medium between
the device electrodes. These constants represent the key parameters of dielectric break-
down, such as the cross section of electron collisions with neutral atoms, the emission of
secondary electrons coe cient ( ) and finally the gas ionization potential. More about
these constants can be found in detail elsewhere [269]. In MEMS devices and when
voltage is applied over a small gap between electrodes, gas breakdown can happen.
According to Townsend theory, the gas breakdown can happen when free electrons
accelerated by an electric field gain su cient energy to initiate atom ionisation. This
process is graphically represented in the Paschen’s curve (blue curve) shown in Fig.8.3.
At a small gap (i.e. smaller than the electron free path), the probability of breakdown
occurring is less according to the Paschen’s curve. However, experimentally [270,271],
it has been found that at a small gap voltage breakdown can still occur. The mech-
anism of the breakdown at this small gap was explained by a di↵erent phenomenon,
the so-called field emission current. Under high electric field, electrons can be ejected
from the electrodes surface into the leading gap. The field emission discharge increases
if the electrode surface has a rough texture. The gas breakdown as a result of field
emission phenomena at a small gap is represented in the modified Paschen’s curve (red
curve) in Fig.8.3. The breakdown can be avoided when MEMS are designed within
the safe operating area, which is just under the minimum limit of dielectric strength
in the Paschen’s curve. It is worth mentioning that this figure is just presented here
for sake of clarification; however, experimentally this curve can vary according to the
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type of gas and the quality of the electrodes surface. For example the Paschen’s curves
of MEMS electrical breakdown at di↵erent conditions (e.g. gas type, pressure and
separation gaps) have been reported [272,273].
Figure 8.3: Paschen’s curve and its modifed version illustrating breakdown
voltage as a function of electrode separation gap [270].
E↵orts have been made to investigate the electrical breakdown in MEMS systems
and the possible methods to facilitate safe operation [271, 274]. For example, voltage
breakdown has been investigated in dry air and for various noble gases (e.g., helium
(He) and argon (Ar)) under di↵erent pressures.
Fabrication-based irregularities in the contact surfaces of the cantilever and the actu-
ation electrode increase the probability of sparking voltage occurrence. PBW has an
advantage in that it structures a smooth surface, with the root mean square roughness
(Rrms) have been found to be less than 3 nm for a pure polymer. This value is ex-
pected to be higher for writing on conductive nanocomposite, as the NPs loaded in the
mixture may increase the surface roughness. Therefore, AgNPs with a small diameter
of approximately 20 nm were used in the present work to reduce the surface roughness.
8.4 Characterisation of SU-8/AgNP
A polymeric-based MEMS switch has considerable advantages, e.g., it is cheap and
easily fabricated. Moreover, it has excellent mechanical properties that can benefit the
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MEMS switch performance. Here, the polymeric composite used consisted of SU-8 as
a polymeric host matrix loaded with AgNPs. Two di↵erent AgNP sizes were used, 20
and 100 nm in diameter. next sections will characterise the potential e↵ects of filler on
mechanical and electrical properties of the composite.
8.4.1 Nanocomposite elasticity
The sti↵ness of the movable part (i.e., the cantilever or bridge) plays a crucial role in
the MEMS switch performance. A flexible switch beam contributes significantly to the
reduction of Vp, and also allows the switching time to be enhanced. The elasticity of the
switch beam can be increased through use of a lower spring constant kz [243]. Here,
the suspended beam flexibility was controlled based on three factors: the cantilever
geometry, its material, and the p-beam doses used to fabricate the cantilever. The
Young’s modulusEeff of the irradiated composite (SU-8/AgNP) was measured using
nanoindentation (see Chapter4). The Eeff versus the irradiation dose was plotted as
shown in Fig.8.4.
The composite was irradiated with a range of p-beam doses (5-50 nC/mm2). The
Fig.8.4 shows the e↵ect of the radiation doses in increasing the composite rigidity.
The elasticity was high (approximately 4.25 GPa) at p-beam doses of approximately
5 nC/mm2. As the dose was further increased, the rigidity of the irradiated specimen
increased. It can be seen from the curve that the decrease in the specimen flexibility
varied dramatically, up to a dose of 30 nC/mm2 from 4.25 to 6.75 GPa. Then, the
sti↵ness of the irritated composite increased only slightly. It is worth mentioning that
the 30 nC/mm2 dose was the optimal value according to the optimisation experiments
(see Chapter 5). Slight changes in Eeff above doses of 30 nC/mm2 confirmed that the
crossing-linking event was almost complete.
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Figure 8.4: The Youngs Modulus (Eeff ) measured for conductive polymer com-
posite (SU-8/AgNP) irradiated at di↵erent p-beam doses.
The red line in the plot in Fig.8.4 illustrates the Eeff for pure SU-8 (control specimen),
so as to show the e↵ect of added AgNPs on the mechanical properties of SU-8. It is
apparent that the mixture exhibited a higher rigidity compared to the control specimen.
The rigidity was approximately 2 GPa greater than that of the pure SU-8. In a study by
Tay et al. [86], the measured Eeff of the irradiated SU-8 2000 at p-beam dose of about
9 nC/mm2 was approximately 4 GPa. This value is higher than that obtained here,
which can be ascribed to the use of the new SU-8 3000, which includes some additives
that imparted greater flexibility compared to the previous version. The Table.8.1 it
can be seen that values of Young’s modulus are varying. This can be attributed to the
way the sample under test was processed and the technique that used to measure these
values.
Young’s modulus
(GPa)
Fabrication
technique
SU-8
type
Exposure dose
( n/mm2
Ref.
2.95 pure 10
4.8 PBW pure 30 current study
6.69 SU-8/AgNPs 30
4.254 PBW pure 9.5 [86]
2-3 pure [253]
5.256.21 UV pure at full cross linked SU-8 [275]
4-5 pure [129]
Table 8.1: Comparison between the Young’s modulus measured in the present
work with some literatures
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8.4.2 Nano-composite conductivity
Percolation paths
The conductivity in a polymer nanocomposite can be explained via percolation theory,
which is a mathematical theory that explains the connectivity of a connected group
of nearest neighbours (i.e., a cluster or clump) in a disordered media. This connectiv-
ity between clusters is called the percolation path. The main concept in percolation
theory that can explain the establishment of this pathway is the percolation threshold
(Pc), which can be defined as the minimum content of the filler required to set up a
percolation path, below which the probability of network formation is very low. The
sketch in Fig.8.5 portrays the two possible cases. When the filler concentration reaches
the Pc threshold, the percolation path is formed, as shown in Fig.8.5a; therefore, the
composite conductivity is improved. However, the opposite case is shown in Fig.8.5b,
as the filler concentration is less than the percolation threshold and the connection
path is not established.
(a) (b)
Figure 8.5: Connection path formation according to percolation threshold con-
cept.
Electrical conductivity may increase with increased filler content, as it is possible to
establish a greater number of paths. However, this may have an impact on the me-
chanical properties of the composite. Therefore, the percolation threshold is a crucial
characteristic in a mixture, particularly in a conductive polymer composite, as it al-
lows the electrical conductivity requirement to be satisfied while maintaining some
mechanical flexibility.
The possible percolation paths formed in the SU-8/AgNP for a 15 vol% mixture were
investigated. ImageJ software [276] was used to analyse the possible connectivity paths.
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Optical images such as that shown in Fig.8.6a was processed using ImageJ. The clus-
ters that form the percolation path were outlined, as illustrated in Fig.8.6b. The red
lines drawn in Fig.8.6b followed the connected AgNP clusters for quite a large patch
(approximately 300 µm in length).
More paths with potential for connectivity could be found in this area of the nanocom-
posite. In the fabricated cantilever, these connectivity paths were more likely to in-
crease in number. This can be explained by the fact that the structure is deformed
during actuation and, consequently, the additional clusters grow closer together, allow-
ing more paths to be created.
(a) (b)
Figure 8.6: Analysis of filler clustering in composite and possible percolation
paths using ImgagJ.
Electrical conductivity measurements
The nanocomposite resistivity measurement experiments were explained in section
4.7.2. The measured conductivity was plotted against the p-beam irradiation doses, as
shown in Fig. 8.7.
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Figure 8.7: Electrical conductivity of two nanocomposites (SU-8/AgNP) with
di↵erent NP sizes (20 and 100 nm). Both composites were annealed at 95  C.
This plot shows results for nanocomposites loaded with small AgNPs (20 nm) (black
curve) and large particles (100 nm)(red curve). This observation is in good agreement
with Ref. [260, 277]. It has been found that the conductive ability of the composite
loaded with small particles was superior to that with the large-particle filler. The
smaller the particle size the more contact point and thus more percolation path.
8.4.3 AgNPs filler uniformity in composite
The silver nanoparticles (AgNPs) dispersion in the composite has an impact on the
operation and performance of the RF MEMS switch. Uniform dispersion guarantees
uniform mechanical and electrical properties. The data from the nanoindentation were
exploited as an indication of the dispersion of the AgNPs in SU-8. Each specimen was
indented by at least 40 points distributed evenly over the surface. The filler dispersion
variation is presented in a box graph for the specimen irradiated with doses of 10, 20,
and 30 nC/mm2, which is shown in Fig.8.8.
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Figure 8.8: Box graph illustrating the variation between 40 indentation points
covering the entirety of each specimen surface.
For example, at the 30 nC/mm2 dose, the variations in the indentation reading (or
particular Young’s modulus Eeff ) were small, meaning that the particles were, to large
extent, distributed quite evenly.
8.5 RF-MEMS design
The design of the RF MEMS switch is an important factor as regards the switch
operation. In the literature, di↵erent designs have been suggested for the movable
component of the switch, so as to manipulate the spring constant (k) and impart some
flexibility. For example, a cantilever with a number of meanders to lower the k has
been proposed. This concept is based on increasing the cantilever length while limiting
the size of the switch as much as possible. Consequently, a switch with a low k can be
actuated with low voltage.
In the present work, the lateral type of cantilever (see Fig.8.2) was suggested to be
fabricated by PBW. The fabrication of a switch operating at low Vp and with fast
switching were the ultimate goals of this part of the study. Spirals shape was adopted
RF-MEMS cantilever beam design. Moreover, in one of the proposed designs, a switch-
actuating electrode was fabricated as a movable part as the cantilever beam. The
proposed MEMS switch designs were optimised numerically. The optimal designs were
then fabricated using PBW.
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8.6 Numerical Model of MEMS Switch
The three main MEMS switch designs were numerically examined using COMSOL
Multiphysics R . For each MEMS switch, the actuation voltage Vp, geometrical param-
eters, switching time, capacitance at the ON/OFF-states, and the electrical breakdown
were discussed.
8.6.1 Spiral-centred anchor (SCA)
SCA design
The spiral-centred anchor (SCA) switch design is illustrated in Fig.8.9. The spiral
cantilever beam has a thickness of 7 µm. The actuation electrode is located outside of
the spiral rings and at a distance of 6.5 µm from the cantilever beam contact area, as
the initial gap (g0). This switch is integrated with the CPW line, as shown in Fig.8.10b.
The cantilever anchor is sited on the middle electrode, while the actuated electrode is
positioned on one side of the CPW electrode, which has a di↵erent polarity.
Actuation 
electrode 
Cantilever 
beam 
Cantilever 
Anchor 
Separation 
gap (6.5 µm) 
(a) (b)
Figure 8.9: Schematic diagram for SCA: (a) top view of switch and (b) 3D
switch setup on CPW line.
Simulation results
The polymeric nanocomposite (SU-8/AgNP) was modelled using the mechanical prop-
erties discussed in section 8.4.1. Only the data from the specimens irradiated with
p-beam doses of 10, 20, and 30 nC/mm2 were used. These doses represent the optimal
p-beam dose that can be used to fabricate a MEMS switch with good mechanical flex-
ibility and stability. Moreover, as can be seen in Fig.8.4, the Young’s modulus (Eeff )
at this range varied at a higher rate compared to the variation outside of this range.
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Note that doses higher than 30 nC/mm2 are provided at the expense of the cantilever
beam elasticity, which is a critical factor for lowering an actuation voltage.
Actuation voltage (Vp)
The SCA was actuated using electrostatic force. The numerical results showed that this
switch could be operated with a Vp as low as 10 V. Fig.8.10 shows the OFF- and ON-
states, where the cantilever is attracted towards the actuating electrode. This value
can be classified among the lowest Vp achieved in the literature. The electrostatically
actuated MEMS switch is commonly operated at 30 to 50 V pull-in voltage [278].
(a) OFF-state (b) ON-state
Figure 8.10: Visualisation of SCA switching process. (a) OFF-state, and (b)
under Vp of 10 V.
The current value is close to those reported in some previous studies. For example,
Pacheco [243] actuated the cantilever at 9 V. it is worth mentioning that lower actua-
tion voltage than the current value have also been achieved [238,246]. The low voltage
in those studies can be ascribed to the small gaps between the attraction electrode
and the cantilever beam. These gaps were almost three times smaller than that in the
present switch, i.e., 2.5 µm) compared to 6.5 µm, respectively. The displacement of
the cantilever as a function of the pull-in voltage is presented graphically in Fig.8.19,
which shows the linearity of the switch under this range of applied voltage.
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Figure 8.11: Cantilever beam displacement as a function of applied applied
voltage.
In an RF MEMS switch, the large gap has the advantage of achieving good isolation,
particularly at high-frequency application. Moreover, it plays a significant role in
reducing the risk of dielectric breakdown.
Switch geometry
Geometry-wise, a range of cantilever beam thicknesses and separation gaps were ex-
amined. It was found that the optimal thickness of the polymeric cantilever beam and
separation gap were 7 and 6.5 µm respectively. The beam thickness is a critical factor,
as a slight increase in the thickness resulted in increased Vp. It was noted ,for example,
that decreasing the beam thickness by 3 µm lowered the Vp by approximately 40%.
The e↵ects of varied beam thickness and gap values can be found in the study [279]. It
is worth mentioning that optimisation of the cantilever thickness was also considered
from a fabrication perspective. The thinner the cantilever, the lower the Vp. However,
this may compromise the mechanical stability of the polymeric switch. Based on the
experimental optimisation of the cantilever, it was concluded that a structure with less
than 7 µm thickness is prone to be mechanical instability.
The influence of di↵erent separation gaps on the performance was investigated. The
optimal gap was found to be approximately 6.5 µm. The modelling results showed
that, by increasing the gap, the cantilever beam could still be actuated with a sensibly
low Vp. For instance, a cantilever beam that was positioned 10 µm from the electrode
was driven by a Vp of approximately 19 V. Note that this value is lower than the typical
Vp values (30 to 50 V).
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Increasing the rings in the spiral shape is also an important factor that leads to further
decreases in the Vp. Increasing the number of spiral rings reduces the k and, thus, the
pull-in voltage. For example, increasing the number of rings from 3 to 5 lowered the V
by approximately 20%. However, this shape as an inductor (coil) has to be design in
a ways to avoid a↵ecting the transmission the signal. Number of rings and the space
between them are factor play a key role in determining the impedance of the switch
and thus its performance as a function of frequency.
Switching Speed
High switching speed is a vitally important characteristic in RF MEMS switch appli-
cations. A MEMS switch has the disadvantage of slow switching compared to a solid
state switch. In the literature, the switching time is typically on the micro-scale from
0.5 to 200 µs [280]. A trade-o↵ must always be made between factors in the switching
process [281,282]. For example, fast switching requires either high Vp or a small separa-
tion gap. High Vp is undesirable in such a switch, as discussed in previous sections. The
modelled SCA exhibited a switching time of 55 µs when the cantilever was deflected
with 10 V and a spacing gap of 6.5 µm. The deflection of the cantilever as a function
of time is shown in Fig.8.12. By increasing the Vp to 30 V, which is still within the
acceptable range, ON-OFF switching can be performed within approximately 18 µs, as
shown in Fig.8.12.
Figure 8.12: Graphs illustrating cantilever deflection of SCA switch as a func-
tion of time for Vp of 10 and 30 V.
Fast switching has been reported in some previous studies; however, this was at the
expense of a reduced gap, increased Vp, or both. A study by Lacroix et al. [283] has
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claimed that it is possible to achieve a high switching speed in sub-microns. This high
speed requires the application of a Vp greater than 40 V. Moreover, the deflected beam
was separated from the electrode by only 0.3 µm. This may compromise the isolation
of the RF MEMS switch as it requires a high Con/Coff .
Switch capacitance
The MEMS switch in this work is simply a capacitor and, therefore, it is referred to as
a capacitive switch. This type of switch is characterised by its Con/Coff . The signal
isolation as one of main RF parameters of the switch can be determined according
to the switch capacitance in open and short circuits [284]. Low Coff provides good
isolation for the RF signal, and good isolation protects the desired signal path from any
stray signals. Isolation of the RF signal is more important at high frequencies [239].
In the current switch, the computed Coff was approximately 3.5 fF. This value is very
low and, therefore, can indicate high isolation of the RF signal. Therefore, the SCA
switch is expected to function with higher frequencies. According to the review [232],
a switch with a Coff of 2 to4 fF has excellent isolation at frequencies extending from
0.1 to 60 GHz. To function with higher frequencies, the isolation should be improved,
which can be achieved by increasing the Con/Coff . The Con/Coff achieved for the
current switch was approximately 28.
Figure 8.13: Computed capacitance of SCA switch as a function of switching
time at ON/OFF-states.
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Electrical breakdown
Electrical breakdown is a problematic issue in electrostatic switches, and attention
should be paid to this aspect during the design and fabrication stages of such devices.
In this modelling, the dielectric material in the capacitor gap was air, and the typical
dielectric strength of air is approximately 3⇥ 106 V/m. The estimated value of the
electrical field produced during switching, as visualised in Fig. 8.14 was 2⇥ 106 V/m.
This value constitutes a safe level, as it is below the electrical breakdown of air. This
value can be decreased further if certain gases are used (e.g., some noble gases) at a
specific pressure, to prevent or reduce the acceleration of the dielectric electrons under
the applied Vp. Experimentally, this value could be higher, as it is dependent on the
quality of the contact surface. For example, high surface roughness or irregularities
in the fabricated structure may create strong electrical field regions. Fortunately, the
surface roughness is, to some extent, a controllable parameter, and a reasonably smooth
surface was demonstrated with the microfabrication method used in this study, i.e.,
PBW.
(a) OFF-state (b) ON-state
Figure 8.14: Electrical field numerically estimated for SCA switch in (a) OFF-
and (b) ON-states.
8.6.2 Spiral interdigitated electrode (SIE)
A new design was proposed in an attempt to accomplish further enhancement of the
RF MEMS switch, which is referred to as the spiral interdigitated electrode (SIE) and
is shown in Fig.8.15. In this design, the electrostatic force was increased in a similar
concept to the reported in [285] by adding more electrodes that were interdigitated with
the spiral cantilever beam, as shown in Fig.8.15a. According to Eq.8.1, a reduction in
the pull-in voltage can be attained by increasing the area of the electrode. In the SIE
switch, the large-diameter electrode attracts the outer cantilever beam electrostatically.
Consequently, the gaps between the cantilever beam and the remaining electrodes are
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sequentially reduced. As a result of this mechanism, a further reduction in the actuation
voltage and switching time was expected.
(a)
Cantilever 
beam 
Cantilever 
Anchor 
Separation 
gap (10 µm) 
(b)
Figure 8.15: Schematic diagram for SIE: (a) top view of switch and (b) 3D
switch setup on CPW line.
In addition to these modifications, the number of rings was increased from the 3 used
in the SCA to 5 for the SIE. This obviously imparted some elasticity to the cantilever
beam and enabled a lower V   p to be obtained. The overhanging ring thickness and
the separation gap were identical to those used in the previous design (SCA) at 7 and
6.5 µm, respectively.
Actuation voltage
The modelling results showed that the SIE switch was actuated with a Vp as low as 8 V.
Fig.8.16 shows the OFF- and ON-states. The Vp was lower than that accomplished in
the SCA switch. The Vp was close to the results published by Peroul and Kanthamani
[242,246]. For example, in their proposed design, Kanthaman et al. reduced the Vp to
approximately 6 V, overcoming limitations encountered by Pacheco [243] in a similar
work. The reduction in Vp was as a result of downscaling of the g0 from 3 to 1 µm. In
the switch proposed by Peroulis, the Vp was dropped as a consequence of the decreased
spring constant k of the cantilever. The number of meanders in the cantilever was
increased while a was g0 as high as 5 µm.
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(a) OFF-state (b) ON-state
Figure 8.16: Visualisation of SIE switching process. (a) OFF-state, and (b)
under Vp of 8 V.
The deflection of the cantilever as a function of the applied voltage is presented graph-
ically in Fig.8.17.
Figure 8.17: Cantilever beam displacement as a function of applied applied
voltage.
Switching speed
The proposed SIE design exhibited a slow switching time compared to SCA. Decreasing
the pull-in voltage led to a limited improvement in the switching speed. As can be seen
in Fig.8.18, the switching time was approximately 80 µs. To improve this value, the
Vp must be increased. This was demonstrated numerically for this model, and a high
Vp of 30 V was applied. The switching was improved by approximately 60% at this
actuation voltage, as shown in Fig 8.18.
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Figure 8.18: Graphs illustrating cantilever deflection of SIE switch as a function
of time for Vp of 8 and 30 V.
Switch capacitance
The computed capacitance of the SIE in the OFF-state was approximately 73 fF. This
capacitance is greater than that in the SCA switch because of an increase in the number
of actuation electrodes. However, it remains low compared to some of the values
reported in the literature [244, 286]. Capacitance as high as 92.5 fF was stated in the
study [244]. This capacitance may provide a good isolation for RF signal at 2.5 GHz.
Figure 8.19: Computed capacitance of SIE switch as a function of switching
time at ON/OFF-states.
The Con/Coff was a low value of approximately 1. Thus, the SIE switch may not be
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suitable for use as the isolation at high RF. However, to determine that accurately
the switch should subject to investigation under di↵erent bandwidth of the RF signal
frequencies.
Electrical breakdown
The computed value of the electrical field strength during the actuation process is
visualised in Fig.8.20. It can be seen that the highest value of the electrical field was
less than the dielectric strength of dry air. The highest electrical field regions were
observed at the ends of the electrodes. The rounded corners minimised the electrical
field concentration at these points.
(a) OFF-state (b) ON-state
Figure 8.20: Electrical field numerically estimated for SIE switch in (a) OFF-
and (b) ON-states.
8.6.3 Symmetric Cantilevers (SCs)
The third design suggested in this work is the Symmetric Cantilevers (SCs) shown in
Fig.8.21. The purpose of this design was to achieve further improvement in the Vp and
switching time. The concept here involves a movable-part actuation electrode, like a
cantilever. A cantilever-like electrode adds elasticity to the beam, which can result in
a low Vp and switching time.
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Anchor 
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Actuation 
electrode 
Cantilever 
beam 
Cantilever 
Anchor 
Separation 
gap (6.5 µm) 
(b)
Figure 8.21: Schematic diagram for SCs: (a) top view of switch and (b) 3D
switch setup on CPW line.
The cantilever thickness and the air gap were maintained, as in the previous switch,
at 7 and 6.5 µm, respectively.
Actuation Voltage
The SCs switch design was actuated with a fairly low voltage. The cantilever beams
were deflected towards each other by application of 14 V. This value also still low
[287].The switching process is visualised in Fig.8.22.
(a) OFF-state (b) ON-state
Figure 8.22: Visualisation of SCs switching process. (a) OFF-state, and (b)
under Vp of 14 V.
Switching speed
The SCs switch exhibited high-speed switching compared to the SCA and SIE switches.
When a pull-in Vp of 14 V was applied, the cantilever beams were attracted to each
other at the middle point within a period of only 23 µs, see Fig.8.23.
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Figure 8.23: Graphs illustrating cantilever deflection of SCs switch as a function
of time for Vp of 14 V.
Applying higher voltage (e.g. 30 V) can reduce the switching time to about 9 µs. Faster
switching has been reported in the literature; however, as stated earlier, this was at
the expense of increased pull-in voltage and/or minimisation of the separation gap. In
a study by Cabral [244], a large air gap of 10 µm and a short switching time of 7 µs
were accomplished. Nevertheless, this was at the cost of an applied voltage as high
as 80 V. In another investigation, Wang et al. [245] claimed that they succeeded in
modelling a fast switch of 4 µs, which required a significant reduction of the air gap to
approximately 1.7 µm. However, the Vp remained as high as 50 V.
Switch capacitance
The SCs switch had a capacitance of 8 fF in the OFF-state, with a Con/Coff of 161.
The switch capacitance is shown as a function of time in Fig.8.24. The capacitance at
the open circuit (OFF-state) was quite low. Compared with the SIE and SCA switch,
this design exhibited a superior Con/Coff . Consequently, the SCs is expected to be
the preferred for RF signal switch at higher frequencies. Higher isolation is expected
and further investigation is required in order to precisely determine the appropriate
RF ranges for this switch, within good isolation.
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Figure 8.24: Computed capacitance of SCs switch as a function of switching
time at ON/OFF-states.
Electrical breakdown
The main disadvantage of this switch is that the electrical field is high and, therefore,
there is an increased risk of electrical breakdown. Therefore, particular operation
conditions are necessary in this case. Thus, further study into the suitable gas and
pressure that can be used to reduce the risk of dielectric breakdown is required.
8.6.4 Modelled switch parameters
The main switch parameters discussed in the previous numerical study are summarised
in Table 8.2.
Switch
design
Cantilever
thickness
(µm)
Initial gap
(µm)
Actuation
voltage (V)
Electrical
field
(V/m)
Switching
time
(µs)
Capacitance
OFF-stat (fF)
Capacitance
ratio
SCA 7 6.5 10 <2e-6 56 3.4 28
SIE 7 6.5 8 <2e-6 80 73 1
SCs 7 6.5 14 >9e-6 23 8 161
Table 8.2: Summary of important optimised parameters of SCA, SIE, and SCs
MEMS switches.
8.7 PBW of RF MEMS switches
PBW gives full control over geometrical parameters such as the aspect ratio and sur-
face roughness, which are vital in MEMS switch applications. Moreover, high-density
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structures can be patterned with a high-resolution beam. However, PBW is a maskless
technique and the fabrication of the required spiral-shaped structure posed a challenge.
This was because of the lack of available scanning algorithms for the sweeping of the
energetic p-beam over the resist in order to write an arbitrary shape. However, this
is no longer an issue, as the current work utilises a new algorithm called the edge-
following algorithm (EFA), which was developed by the PBW group in the Ion Beam
Centre (IBC) at Surrey University. The MEMS switches optimised numerically in the
previous sections were fabricated in a polymeric nanocomposite (SU-8/AgNP) using
PBW.
8.7.1 SCA switch
The SCA switch was fabricated in a conductive polymer nanocomposite, SU-8/AgNP
(100 and 20 nm) using PBW. The resolution of the p-beam used was approximately
1 µm ⇥ 1 µm. The SCA switch design consists of two parts, a deep structure, which
is the fixed part (i.e., the spiral cantilever anchor and the actuation electrode) and
the shallow structure, which is the overhanging part or spiral cantilever. Therefore,
multiple exposures was used to write the switch parts. Two energies were used, with the
fixed parts being written using 2.5 MeV p-beam energy. An example of a switch anchor
is shown in Fig. ??. The spiral cantilever (overhanging structure) of the SCA switch
was written using a p-beam energy of 1 MeV. This energy penetrated a polymeric
nanocomposite thickness of approximately 20 µm. The final 3D structure of the SCA
switch is shown in Fig. 8.25.
High energy 
2.5 MeV
Low energy 
1 MeV
Figure 8.25: SEM image showing SCA switch prototype fabricated using PBW.
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The switch was aligned on the RF lines (CPW), as shown in Fig. 8.26. The magnified
tilted SEM image in Fig. 8.26b shows the overhanging structure thickness. It is
apparent that this switch was not in good alignment with the CPW. Various factors
contribute to this kind of mismatch, such as misalignment of the electrode on the
substrate and of the substrate on the sample holders. In addition, there were significant
mechanical errors in the sample positioning stage.
The development of such a delicate structure is a challenge. The development method
employed here avoided any agitation and simply utilised the gravitational force to draw
the un-irradiated composite down into the developer. The wet etching was followed by
oxygen plasma ashing (50% power for 5 min) for the final cleaning. Some problems in
the fabrication and development process arose, which were reflected in the quality of
the written switch. The possible causes of these problems and the potential solutions
will be discussed in section 8.7.4.
(a) Magnified view
Actuation 
electrode 
Cantilever 
beam 
Cantilever 
Anchor 
CPW lines 
(b) Position on CPW
Figure 8.26: SEM images of SCA switch positioned on CPW.
8.7.2 SIE switch
The SIE switch was fabricated in the SU-8/AgNP conductive polymer nanocomposite
(100 and 20 nm) using a p-beam with a focus narrowed to 1 µm ⇥ 1 µm. The same en-
ergies used in the preceding SCA switch were applied to structure the SIE. A prototype
of the switch is shown in Fig.8.27.
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High energy 
2.5 MeV
Low energy 
1 MeV
Figure 8.27: SEM image showing SIE switch prototype fabricated using PBW.
The integration of the SIE switch over the CPW is shown in Fig. 8.28a. The switch de-
sign can be considered to constitute a high-density structure. The actuation electrodes
were interdigitated with the spiral cantilever, with a separation gap of about than
6.5 µm. Therefore, it is necessary that additional attention be paid to the alignment
of such a structure on the CPW during the PBW process.
(a) Magnified view
Actuation 
electrode 
Cantilever 
beam 
Cantilever 
Anchor 
CPW lines 
(b) Position on CPW
Figure 8.28: SEM images of SCA switch positioned on CPW.
It can be seen that the composite used in the fabrication of both the SCA and SIE
switches exhibited excellent mechanical properties. Although the written spiral over-
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hanging structure extended over a large area of more than 450 µm and suspended at
50 µm from the substrate surface, this was because the filler strengthened the mixture.
Moreover, the applied p-beam doses were su cient to maintain the mechanical stability
of the written structure. Examples of both switches are shown in Fig.8.32.
(a) SCA switch (b) SIE switch
Figure 8.29: SEM micrograph showing tilted views of SCA and SIE switches
fabricated in SU-8/AgNP polymeric nanocomposite.
Despite this stability, the polymeric structure was still su ciently flexible to function
properly as an actuated cantilever. The flexibility of the cantilever was accidentally
observed during the development process. The SEM image shown in Fig.8.30 is for a
damaged sample, as a result of poor adhesion.
Figure 8.30: SEM image of ruined switch showing switch cantilever stretched
during movement in developer.
8.7.3 SCs switch
The SCs switch was fabricated in the conductive polymer nanocomposite SU-8/AgNPs
(100 and 20 nm) using a proton beam focused down into 1 µm ⇥ 1 µm. The same ener-
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gies used in the preceding switch designs (2.5 and 1 MeV) were applied to structuring
the SCs switch. A prototype of the switch is shown in Fig.8.31.
Figure 8.31: SEM image shows side view of the SIE switch positioned on the
CPW electrode fabricated using PBW.
The fabricated SCs switch was in a good alignment with CPW lines. It was noted
that the cantilever has a wavy surface. This is might be due to that input file has low
resolution. The surface smoothness can be improved by increase the resolution of the
input file (duplicating point in case of using ionscan software). Furthermore, increase
number of scanning loops can smoothen the surface more.
The ripples on the surface and undeveloped residue of the composite resulted in closing
the separation gap. Therefore, it was not possible to demonstrate the functionality of
the switches.
8.7.4 Fabrication process problems
Certain problems have arisen regarding the switch structures presented in the preceding
sections, which can be classified into two main categories, problems related to the
material behaviour and to the fabrication setup.
Material-related problems
One of the polymeric nanocomposites used in the fabrication of the MEMS switch was
GCM3060 (SU-8/AgNP), which is manufactured by the Gersteltec Corporation. These
NPs had an average diameter of 100 µm, thus, it was obvious that this filler size would
result in a rough surface; see Fig.8.32. Surface roughness is a critical factor in terms of
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the structuring of an electrostatic actuated switch, because the presence of protrusions
in the surface can easily create concentrated electrical field points. Consequently, the
possibility of electrical breakdown is increased with greater surface roughness.
(a) (b)
Figure 8.32: SEM micrographs showing GCM3060-based MEMS switch: (a)
Entire switch with visible protrusions on the cantilever surface and (b) magnified
image of cantilever surface.
Another important problem that arose in relation to this mixture was the formation
of large clusters. This cluster formation led to deterioration of the written structure
quality. In addition, this phenomenon may have been the source of the poor adhesion
of this material (Fig.8.30). During the sample preparation and, in particular, in the
pre-baking step, these clusters can form on the interface area between the substrate
and the composite. This, in turn, can prevent the p-beam from reaching the substrate.
Another peculiar behaviour was observed during the wet development stage, where
di culties in washing the unexposed areas were observed. Longer development time
and plasma etching were ine↵ective as regards cluster removal. An example of this
behaviour is shown in Fig.8.33.
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Figure 8.33: SEM image of residues around the developed structure
Using ultrasonic at a low power (50 to 70 %) has e↵ectively enhanced the develop-
ment process (see Fig.8.34). However, it has been noticed that some structures were
detached. Therefore, this method is not safe method to developed such structures.
(a) without sonication (b) with sonication
Figure 8.34: SEM micrographs show developed MEMS switch fabricated in
GCM3060 where (a) the developed structure without sonic agitation, and (b)
developed structure in ultrasonic bath.
To overcome this problem, it was found that increased agitation time minimised the
formation of such clusters significantly. A minimum of 3 h of sonic agitation was
required in order to disperse the nanoparticles evenly within the composite and to
prevent cluster formation. Further, the spin coating was required to be conducted
immediately after the sonic agitation stage.
As another means of realising reduced surface roughness, and also to avoid the peculiar
behaviour seen in GCM3060, NPs with a small diameter were loaded in SU-8 3000.
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Significant enhancement was observed in the written structure for this new composite,
with the surface being significantly smoother than that of the structure written in
GCM3060. Moreover, significant improvements in the adhesion of the composite on
the substrate were observed. In the interests of comparison, sample SEM images are
presented in Fig.8.35. In addition to these improvements, the structures written in
SU-8/AgNP (20 nm) were fully developed within a short period of time (less than 4
min).
(a) GCM3060 (100 nm) (b) SU-8/AgNPs (20 nm)
Figure 8.35: SEM micrograph of SU-8/AgNP structure: (a) Clustering around
developed pattern and (b) the same shape written in smaller AgNP filled
nanocomposite (20 nm).
PBW-related problems
The MEMS switches introduced in this work are considered to be complex structures.
The separation gap between the cantilever and the electrode, the cantilever thickness,
and the surfaces of the contact area are critical to the switch operation. Any changes
in these geometrical parameters can compromise the switch performance. These pa-
rameters are directly a↵ected by the beam resolution, the method used to sweep the
beam over the nanocomposite and the alignment of the two energies used in the multi-
exposure step. In PBW, the beam resolution and scanning method are controlled, and
a p-beam spot size of 1 µm can routinely be obtained. In addition, owing to the new
EFA scanning algorithm, these kinds of complex and curved shapes can be written with
full control. The only remaining problem relates to the alignment process. As can be
seen from the written structures presented in the previous sections, the alignment was,
to some extent, good. However, some structures su↵ered form mismatching between
the two p-beam energies. This may attribute to the beam relocation errors when the
sample holder is moved. Moreover, between the two energies exposure, some samples
had to be unloaded and then reloaded again. This in turn could lead to this kind of
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mismatch unless. It was noted that these errors occurred for some patterns, with a
deviation of approximately 5 µm.
Magnetic stray fields due to devices around the beam also had an impact on the
structure quality, and the surface roughness increased significantly as a result. To
resolve this problem, the number of scan loops and the input image resolution were
increased. This adjustment corresponded to a trade-o↵ with the scanning speed.
8.7.5 Conclusion
PBW was successfully used to structure prototype MEMS switches in three dimen-
sions. The p-beam provided a flexible and rapid means of realising the designed MEMS
switch applications. A HAR, smooth surface, and 3D structure are the main features
provided by PBW, and the application of this technique can, therefore, e↵ectively
improve the switch performance. In addition, MEMS structures were written in poly-
meric nanocomposites with di↵erently sized AgNPs. The smaller the AgNP filler par-
ticle size, the better the electrical conductivity. Furthermore, the surface quality was
also improved. Prior to the fabrication process, the proposed switches were numerically
optimised using COMSOL Multiphysics R . The numerical results showed that the pro-
posed designs exhibit low Vp and with fair switching time. In addition, the Con/Coff of
some switches (SCA and SCs) was high compared to previous reports; therefore, these
designs could be good candidates for RF signal switching at high frequencies. Further
investigations to determine the RF parameters (or s-parameters) are necessary in order
to confirm the e cacy of these switches at di↵erent frequencies.
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Chapter 9
Conclusion and Future work
9.1 Overall conclusions
In this work, proton beam writing (PBW) was utilised for the fabrication of microflu-
idics and radio frequency microelectromechanical (RF-MEMS) applications. The writ-
ten microfluidic structures were neuron cell arrays (NCA) and capillary micropumps
(CMP). The NCA was dedicated to the study of neuron cells at single-cell level, while
the CMP was for self-powered microfluidics. Both applications are of topical inter-
est. Single-cell analysis facilitates more reliable and accurate bio-analysis. Further,
self-powered microfluidics introduce the potential for portable and immediate analysis
platforms (e.g., point-of-care (POC) applications). For the RF-MEMS application, a
switch, which is an important component in MEMS devices, was written using PBW.
This device was dedicated to the switching of a radio frequency (RF) signal propagated
along coplanar waveguides (CPW).
The two application categories discussed above have received minimal attention from
PBW researchers. In addition, some geometrical problems have emerged for certain
microfluidic structures fabricated using other lithography methods. As a result of its
attractive physical properties, PBW can successfully overcome these problems. In this
work, PBW was used to write entire devices in three dimensions (3D) directly into
resists. Consequently, the fabrication process was faster and the produced devices had
greater reliability. For example, the buried channels fabricated in the NCA device
were sealed using the same resist layer. Moreover, the channel walls were straight and
smooth and this, in turn, led to a uniform and predictable fluid flow.
Prior to fabrication of the main structures, the PBW process was optimised for the
di↵erent resists used in this work (SU-8, PMMA, and SU-8/AgNP). The optimisation
included all the PBW stages, from sample preparation to written pattern development.
The optimal p-beam doses necessary to fabricate the structures were investigated and
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were found at an energy of 2.5 MeV to be 100-200 and 20-30 nC/mm2 for PMMA and
SU-8, respectively. It was necessary to structure these devices on glass, as this mate-
rial is a good insulator and allows for easy monitoring in biomicrofluidic applications.
However, it was observed that SU-8 exhibited poor adhesion on the glass substrate.
This problem was resolved through application of a new SU-8 formula called SU-8
3000. This new formula has excellent adhesion on glass and metal; however, only low-
aspect-ratio structures can be written into this substance. Therefore, a new approach
was applied in which a very thin layer of SU-8 3000 was first spin coated (i.e., used as
an adhesion promoter). This was followed by the application of SU-8 2000 as the main
layer for the structure writing.
For the MEMS applications (i.e., MEMS switches), the polymeric nanocomposite used
in this work consisted of SU-8 as a host material, which was loaded with AgNPs
of di↵erent sizes (20 and 100 nm diameter). In the mixture loaded with 30 vol%
AgNP, only a shallow pattern could be written. It is thought that the NPs prevented
the p-beam from penetrating deep layers. Therefore, the optimisation process refined
two factors, the filler content of the mixture and the coated-layer thickness. It was
concluded that the optimal loaded particle percentage was approximately 15 vol%
AgNPs. At this filler percentage, the p-beam could penetrate a thick layer of 90 µm.
The impact of the AgNPs on the mechanical properties of the SU-8/AgNP composite
was investigated for di↵erent p-beam doses.
The fabricated devices, i.e., the CMP and the RF MEMS switch, were examined nu-
merically before being written using PBW. The optimisation process was performed
using COMSOL Multiphysics R . The fluid flow characteristics of the CMP structure
were investigated and the numerical simulation results assisted in the design of a CMP
structure that can deliver fluid at a certain flow rate and with a uniform flow. In terms
of the MEMS switch, di↵erent mechanical switch designs were examined numerically.
The main criteria of the switch optimisation was the achievement of fast switching with
a low actuation voltage. The mechanical properties measured for the nanocomposite
(SU-8/AgNP) at di↵erent p-beam doses were used to identify the polymer nanocom-
posite properties in the numerical modelling. The results extracted from the modelling
were promising. The examined RF-MEMS switches were actuated with voltages less
than 14 V within a switching time as short as 23 µs.
The optimal NCA, CMP, and MEMS switch designs and structures were fabricated
using PBW with a multi-exposure strategy. Microchannels of approximately 5 µm
width and up to 60 µm were patterned. For this purpose, p-beams with energies of
0.75 to 2.5 MeV were applied. Development of the buried channel was a challenge,
because the inlets that would allow the developer to reach the buried channels were
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few. Therefore, the NCA pattern was redesigned so as to allow the developer to enter
the channels easily and quickly.
The buried channels written within the NCA and CMP structures had smooth vertical
sidewalls. The e↵ect of these geometrical improvements on the device performance was
shown numerically. The fluid flow was uniform, which is a critical factor in microfluidic-
based applications. The fluid flow in these enhanced channels is predictable, and
therefore, the device can function properly. Moreover, the discrepancy between the
numerical/analytical predictions and experimental work is expected to be lower. This
is because the channel surfaces were smooth (less than 3 nm Rrms).
PBWwas successfully applied to fabricate overhanging structures in polymeric nanocom-
posites. Two energies were used, as in the method applied for the fabrication of the
NCA and CMP devices. However, the low energy beam was increased to 1 MeV from
0.75 MeV. This is because the penetrating depth of the p-beam in the nanocomposite
was less than that in the pure SU-8 at an energy of 2.5 MeV. The SU-8/AgNP exhib-
ited some peculiar behaviour, even though the filler had been reduced to approximately
15 vol%. This may be the result of the formation of large clusters that hindered the
cross-linking reaction or that obstructed the beam from reaching to the substrate. This
problem was minimised by increasing the uniform dispersion of the particles within the
SU-8, through the application of a long-term sonic agitation treatment. It was found
that the application of multiple thin layers of composite is an e↵ective means of ensur-
ing that the NPs are dispersed throughout the entire film with, to some extent, uniform
distribution. The finished written MEMS switches exhibited significantly enhanced
Application of the edge-following algorithm (EFA) scanning method improved the qual-
ity of the written structures. Furthermore, it facilitated the writing of complex and
curved structures. Finally, it can be stated that PBW is a lithography technique that
has capability of fabricating three-dimensional structure with full control over the geo-
metrical parameters such as the surface roughness, aspect ratio. Although PBW shows
great potential in fabricating 3-D micro/nanofabrication structures, it is still a scarce
technology and just a few research centres over the world benefit from it. This can be
ascribed to the lack of a user-friendly commercial instrument. In addition, PBW as a
direct writing process is only suitable for rapid prototyping and therefore is considered
slow and ine cient compared with conventional masked lithographic techniques with
regarding to mass production. Therefore, it is obvious there is a need for a user-friendly
PBW instrument to make its use more widespread than it is. Some endeavours from
some researchers have already started to tackle these issues. The e↵orts fall into two
main categories. The first is to address the issue related to miniaturising the instrument
to achieve a↵ordable commercial instruments [288]. The second is using a complemen-
tary method such as imprinting lithography [65]. However, these e↵orts to practically
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obtain a compact PBW system are still at an early stage and should include di↵erent
parts of the system, such as focusing and the accelerating systems.
9.2 Outlook
Proton beam writing (PBW) of microfluidic device
The buried channels structured in the devices realised in the current work were of good
quality. The geometrical improvements were examined through numerical methods.
However, the performance of these written structures should be demonstrated in real
neural network analyses, with significant improvements to the analysis results being
expected.
The fabrication of buried channels in a single resist layer has resolved the common
bonding problem. However, the development of the buried channels was challenging.
Although the the attempt has been made to solve this problem, further investigation
of e↵ective and fast development process must be pursued.
One of the avenues through which PBW could be further refined involves broadening
of the range of materials that can interact with the p-beam. Polydimethylsiloxane
(PDMS) remains the most popular polymer employed in microfluidic applications.
However, the conventional fabrication methods of this material may restrict its use
in large-scale applications. Very few studies have discussed the structuring of PDMS
directly using PBW, and further research is required in this regard.
Recently, p-beam resolution has witnessed remarkable undergone remarkable devel-
opment, with resolutions as high as 20 nm being attained. Therefore, further minia-
turisation of microfluidic structures is expected. This advancement has considerable
potential for expanding the range of possible microfluidic applications and enhancing
the field of microfluidic-based bio-analysis. Such nanofabrication should be performed
within a stable and accurate environment. For example, mechanical errors, which can
be tolerated in a microstructure, are significant on the nanoscale. Moreover, magnetic
stray fields from the electrical devices around the beam line should be minimised.
The EFA scanning algorithm utilised in this work has significantly improved the writ-
ten structure quality; however, its e cacy and flexibility could be improved through
the addition of further features. For example, the ability to specify slow scanning at
selected points in the input file, such as corners, rather than slow scanning of the entire
structure, would be useful. In addition, the input file should accept other professional
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formats, such as DXF, rather than just bitmap. This would facilitate improved struc-
ture quality. Finally, if electrostatic scanning were used in conjunction with EFA, this
would help to yield enhanced-quality structures under short exposure times.
PBW of microelectromechanical system (MEMS) devices
The current work has succeeded in fabricating MEMS prototypes comprising complex
overhanging structures. The numerical demonstration of these structures exhibited
promising results. Some important RF parameters (s-parameters), such as the insertion
and isolation, should be determined at di↵erent RF ranges. This is to confirm the
bandwidth at which these switches can be used. As a result of certain di culties, the
performance of the written switches was not demonstrated. Therefore, experimental
examination of the switch functionality is required.
Further work is required in order to investigate the interaction of p-beams with nanocom-
posites. Moreover, the use of small-scale nanoparticles as fillers to improve the written
structure resolution is necessary in order to keep pace with ongoing miniaturisation
processes. Intrinsic conductive polymers (e.g. PEDOT:PSS) o↵erd by CleviosTM, are
a potential alternative to nanocomposites. These types of polymer are electrically
conductive and do not contain metal particles. Consequently, the problems that arise
through the interaction of p-beams with NP composites could be minimised through
adoption of these materials. There is no literature concerning the use of conductive
polymers with PBW at present. Therefore, investigation into the interaction of p-
beams with conductive polymer is required. That research should consider the chemical
changes (scission or cross-linking) and the electrical and mechanical properties before
and after irradiation.
Finally, the use of ion-beam implantation to enhance the electrical properties of selec-
tive areas in the written structure may constitute a promising technique for modifying
polymers electrically. The ion beam type and the exposure parameters, such as the
dose and exposure time, should be optimised.
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